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” ‘ : 1. INTRODUCTION
- The intensive study of electromagnetic wave propagation through turbulent mediums
; began in Lho early 1950's. The firet work of significance was porformed in Russia
L oy Kolmog.(-rovl. Ch(.-rnuvz, and later Tntarski3. Although o great deal of work in this
‘ . . area was performed in the United States, intensive study did not begin until the early
) 1460's.  One of the major driving forces which spurred interest tn wave propagation
! Z‘ ) through a turbulent medium wae, the advent of the laser, with fts promise of data trans-
. f.* misgion bandwidthg many ordrrs o. magnitude higher than possible with the highest
'}' i frequency microwaves,
i
, Although initiolly there .-as some interest in high-data-rate tri wwmission between poiots
: on the eartt's -urface, it soon became apparent that the effects of weather and the
}“ linc-of-sight nature cf laser trongi ission would preclude high-data-rate laser com-
;_:‘" N munications ¢xcept over short distances and under favorable woenther conditions. The
. situation, hcwever, for ground-to-souce and space-to-ground communications 18 much
- f‘ more favorable, and therefore, worli on this type of data link has been actively pursued
1 by both NASZ and the Air Force. Sluciics‘ll have shown that by the use of redundant
. } carth-basced transmiticr/receiver sites, link outages can be reduced to a few tenths
T ‘ : o” a perecent. Through che usce of airborne transmitter/receiver systems, even thesoe
™ ', minor outages can be eliminated,
.

From the begianing of the study of atmospheric turbulenco, the sophistication of the

.-

theorcticinn has far outpaced the expesimentalist, There nre good and sugficient

aril T

TV

reasons for thiz state of affairs. The mechanism for the generation of turbulence is

P

AT

g," beyond the coutcol of the experimen'er and, thevefore, it is impossible to perform coine
& ; )

o trolled experim:nts in which the state f turbulence can be fixed while measurensents

: are performed. The problem is further oxacerbeated by the fact that the experimenter

ravely has sufficient instrumentation to even specify the state of the atmosphere during
his measuroments.

Some of the earli2st experiments in optical propagation wore mnde by astronomers,

who were concerred with the varintions in seeing and scintillation because theece effects

: musked their abil ty to study the characteristics of uxtratervestrial sources.  Although
i considerable time and effort wus expended in their swudies, most of theiv work was )
. - performed during a period when no adeguate theory was available to explain the moc?;-—
. ;6 anism of thu obsetved effects, and therefore much of the work is of a subjective nature
. ¢

. 2 | 1-1




with inadequate supportive data to interpret the results. Notable exceptions :o this
state of affairs are the work of Mikescll and llrngs. Prothcrocc, Young»v. Ramscya'
Coulmang, end later, Buftonm. Except for the studies made uélng astronomicat
sources, nearly all of the experimental attempts to verify theory have been made
over herizontal propagetion ranges. If 8 review of the proportion of work performed
on horizontal ranges compared to vertiiai propagution paths were moade, it would re-
veal that while thousands of experiments have been performed over horizontal ranges,
almost nothing has been done to measuve the effects of mniospheric turbulence on a

laser beam pronagating ove: a vertical path.

When work on the study of atmospherie turbulence was started nt GSFC, hy the autuors,
it became apparent after a short amount of study that the theoretical predictions of
turbulence cffects were being adequately pursued by other agencics and organizations
and hat the area which was most in need of investigation was the experimental veriii-
cation of existing theory. Because all of the theoretical predictions of the optical
efforts are haced unon the ctate of atme :pheric turbulence. n develeopinent provram
was started to build a sensory device capable of directly mensuring the state of tur-
buience. The outcome of this effort was the thermosonde, n lightweight electronice
device capable of being borne aloft by a small weather balloon to measure the state of
terbulence at altitudes to 100,000 feet, well anbove the last significont turbulence. In
1968, interest in laser propagation was at {t. peak, and many groups were considerving
methods of measuring turbulence in the »pper atmosphere.  Boecaus 2 of their ability to
reach high sltitudes rod becnuse they generste no atmospheric turbulence, the suthors
were at this time coasidering menwnts made from high-gltitude rescarch balloons.
Because of our futerest in balloons as 8 vehicle for turbulence measurements, the
Oftice of Advanced Research and Technology forwarded to us s proposal by the Sylvania
Electronic Systems, Western Division to perform a geries of balloon-borne lsser

propagasation experiments. The outcome of thig proposal was the experimoent doscribed

fn this report.

The experiment, which was :itled "Balloo. Atmospheric Propagation Experimont®
(BAPE), was prriormed at White Sands Misgile Range in the fall of 1970, and is to
this date the only controlled measurement of laser propagation aver a vertical path.
The experiment was repeated in 1971 at tho same locsifen and the two flight scries have
been named BAPE [ and BAPE I to distinguish between them.  This repori will dcscrllbo
only the data obtained in DAPE L.

| \



The experiment plan was to mrasure the optical effects of turbulence over a vertical
ooth while at the same time measuring, with the thermosonde, the distribution of
turbulence along the path. In this manner, the optical effects predicted by theory

could be compared to the measured resulis in an effort to verify the validity of

thcory. The experiment bas not uncoverad any phenemena in contradiction to existing
theory, but has confirmed many of the existing prediction.s, We fecl that although some
new and unexpected phenomenon might perhsps be nore dr}xmntic, our confirmation of

existing poedictions is actually more coastructive.

To this date there rave been only t-.ree successful attempts to measure the character-
ixtics of lns;(’r propagation betwoeen woound and space.  All of these have been per-
formed by the authors, starting with the GFOS Il Laser Detector Experiment and fol-
lowed Ly the BAPE | and BAPLE I experimeats,  Jhe results of those cxperiments con-
firm tae predictions of existing theory withis Shc timits of the experiment  Benrause of
the importance of this field of investication to the development of the laser as a com-
mun.cations tool and beeause of the demonstrated success of balloor-borne instrumen-
tation #s 8 means of obtaining atmospheric propagatior. data, future experiments of

ti..s type are be:ng planned. .

The balloon-borne experiment described in the subsequent sections of thig report con-
stitutes the tirst Adefinitive set of laser data on the effects of atmospheric turbulence
over a vertical or near-vertical path.  As such, the experiment provides the basis for
meaningful predictions of laser system performance and data which establishes the

utility and lmitdtions of various propagotion theories., Thercfore, this was an impor-

tant experiment with far-reaching consequences.

Basically the abjective of the experiment was to propagate two laser beams, one argon
(!31~:5A0) and one CO,, (10.6¢), over a vertical path from Athc'ground to recceivers to-
cated above the s\mu..'spherc. and to measure the scintillation of the upgoing beams.
Simultancous mceasurements os the gtate of turbulence nlong the path allow the scin-
tillatton statistics to be comparecd on the basis of existing theory tu the experiment -

results. This type of experiment has four important results:

i. The measurements of scintiliation arc directly applicable to estimation of -

scintillation of earth-to~-space lascr 'links,

2. The casurements of the state of turbulence provide new data on the state

of atmospheric turbulence, no direct experimental data on turbulence above
3.5tm (10,000 ft) was available grior to the experiment.

L POV
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3.

By cotiparing the nctual seintillation statistics with thnse based upon
theory plus the turbulence profile, we can check the validity of existing
propagation theorfes,:

Koowing that these theories are correct (agsuming that the theorfes check
out), we ean minhe far runging predictions on the performance of Inzer

co - municationg systems with a high degres of confiduence,
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2. SUNMARY

This section provides a brief synopsis of the resclts from the Balloon Atmospherie
Propogation Experiment. \

‘The vertical profile of turbulence in the first 6 km of the atm~sphere was found to be
asrproximately

€2 = 1 x 1071 y71/3 -b/1000 273
The log-amplitude variance at 452 frem zenith had an average value of 0,198 at
0.5145 pm and 0.005310 at 10.6 pm. Measured waveler sth dependence of scintiliation
was found to be within 8% of that predicted by the 7/6 power lnw. The sample log-
amplitude variance was itself & random variable with a log-normal distribution and a
standard deviation of Inz, This indicates that the strength of turbulence varics with

time in the same mxanncr.

Log-amplitude covariance was measured and the correlation lengths were found to be,
as predicied by theory, proportional to )\1'/2; the s.2¢ ol the eorrelation lenpths was
also found to be as predicted by theorv. In order to test this last relationshin, a
method of approximating the atmosphere by o multilaver system of turbulence was
developed and used to predict the correlation lengths, Both correlation length and
the shape of the correlation coefficient predicte ° by this procedure show close cor-

respondence to measurced values.

Using the above mcethod, aperture averaging for large apertures is computed and shown

to be in close agreement with other metheds of obtaining aperture averaging factors.

Autocorrelation of irradiance and power spectral density were measured and compared
to predicted results. A closc agreement between theoretical and measured values indi-

cates that the temporal behavior of the scintillation can be obtained from s knowledge
e ———— e

of the height of the turbulence layers and tkeir wind speeds.

The results of the experiment represent a fairly complete investigation of the scintil-
Iation effects of atmospheric turbulence over a vertical path, although much remains to
be measured. We have found no parameter which does not have the magnitude and

L mvior predicted by theory. Results of the experiment tend to conlirm the validity of

present predictions of the effects of atmospherlc turbulence,

2-1/2
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3. DESCRIPTICN OF EQUIPMENT

3.1  BAPE PAYILOAD

The following s-ctions desceribe the design and construction of the BAPE payload which
was thi flight vehicle used to carry the optical detectors of the experiment above the
atmosphere. The paytoad was fabricated by Sylvania Electronic Systems Western -
Division under contract NAS 5-51679, The material from the {ollowing sections is in
part abstracted from the BAPE Phase | report of August 14, 1969, with changes and
additions made where requived, The principal authors of this report were Mr, Arthur
Kracmer, Dr. Paul J. Titterton, Mr. Tom Mulcahy, and Mr, Scod Overstreet, Othcr'
contributors include Mr. Clyde Brown, slr. Connell Ward, Mr. Mick-.cl Halus, and
Dr. Douglas Woordman., DProfessor J. Richard Kerr of the Oregon Graduate CTenter

[ ¥ N BN A A N
acted os a2 progroam consultant,

The purpese of the material in the following sections s to familizrize the recder with
the construction and operation of the payload so that ke may better understand how the

data was obtained and its significance.

J.1.1  GENERAL DESCRIPTION OF PAYLOAD

‘The BAPE payload shown in Figures 3-1 and 3-2 consisted of an opifcal receiver sys-
tem v an inverted azimuth-clevation gimbal system. The elevalion axis (see Figure

3-4) contains four optical recefvers, a star tracker, scervo clectronics, and two cube

corner retroreflectors. I is pivoted on bearings supported by the azimuth gunbal and

driven by a de torquer through clevation angles from <26 to =90 degrees,  The nzimuth

gimbal supports the elevation axis and connects it to the azimuth axis. The large box-
shaped section of the azin.uth gimbal contains batteries, telemetry encoders, end other
clectroates for the operation ~f the servo system. These electronics are connected by
a cable wrap to the elevation axis, Above the azimuth gimbal is the azimuth bearing
and slip ring assembly which provides continuous rotation in the azimuth direction and
clectricel connection to the gondola. A dce torguer, tachometer, clutch, and azimuth
enceder are attached to the top of the azimuth bearing and slip ring assembly to com-~
plete the azimuth drive system, The gondola (sec¢ paragraph 3.1.5) provides a frame-
work for supporting the components attached below the azimuth axis and for supporting
the battery boxes, It consists of three arms counccted at their inner ends to the cle-
vation axis and at their outer ends to the battery boxes. The battery boxes contain the
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BAPE Payvload

Figure 3-2.
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batleries necessary to power the payload as well as telemetry and electronics systems.
The mass of the heavy batteries on ilie ends of the arms acts as #n incrtia flywheel

against which the azimuth axis drives. Struts connected to the bottom of the battery

boxes provide protection of the payioad when it strikes the ground at the end of the
parachute descent,  Disposable, corregated cardboard crush pads on the bottom of

these struts arce ukied to absord the energy of the impact.

3.1.2  ELEVATION AXIS AND OPTICAL DETECTOR SYSTENS

An optical schemadce of the elevation axis and optical detector systems is shown in
Figure 3-4, The elevation axis contatned two detectors at each of the wavelengths
0.51:5 pm and 10,6 gm.  Dne system operated fixed and the second system operated!
«fth 2 movable faput mirror. In svstem I, the received beam was received by the di-
chrote boan splitter, which was used to separate the argon (0.5145 um) and the C()2
30,6 u) beams. The fichrole reflected the 10.6-pm beam hrough a refractive {/1
germanius . fens onto the HgCdTe detector mounted in a tiquid nitrogen dewar, The
0.5145-pum beam passed through the dichroic and was reflected through a lens wrange-
ment onto the photomultiplier detector,

In system I, *he received beam was reflected off the movable input mirror and a .i.\«-d
mirror prior to reaching the dichrome beam «plitter. The optical arrangenont tor sys-
tem 11 was identicai to system 1 after the dichroic beam splitter.  Additionally, a quad-

rant star tracker with an /3 lens was located in the clevation axis.
Figure 3-5 shows the exterior of the ¢levation axis.

The movable mirror varied its position from 4 cm to 100 cm with respect to the fixed
system. The movable mirror traveled on precision stainless steel rods using
Thomson ball bushings to reduce frictional loading, and was driven by a gear head
servo motor. The location of the movable mirrcr was controlled by an electrically

operated system with reedouts at the ground station to indicate mirror positions.

The electronic system for the optical recelvers was designed lo extract the atmos~
pheric modulation on the laser beam and convert it to an analog signal of 1-kHz band~
width. Since it was desirable to observe low-level signals accuratdty, it was neces-
suary to climinate the effects of background. Thercfore, the lnsef beam was chopped
with a 50% on-off duty cycle at the transmitter at a 5-kHz rate and transmitted through
the atmosphere to the receiver, thus acquiring the atmosphere modulation, The l=ser
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receiver observed both the chopped laser beam (with atmospheric modulation) and a
slowly varying background and rejected the backgrowd with a high-pass filter. Th:
signal was returned to the ground (via the telemetry system).  Figure 3-6 hows the

optical receiver electronic system,

J.1.3 QUADRAIT STAR TRACKER

A quadrant star tracker mounted on the elevation axts was used to track the 0,5145- pm
laser beam from the ground transmitter to an accuracy of :1 mitlliradian, TEhEis {ofor-
mation was relayed to the attitude stabilization sys em to polfat the clevation axis with
ftas fovr optical recetvers. Since the lens in front of the quadrant photodetector made
such & small image that the range of the star tracker was leas than that required, {t
was defocussed to provide a greater range of error signals,

The quadrant axes of the photodetector were positioned 45 degrees (sce Figure 3-7)
from the clevation and azimuth axes so that the crror signal for cach axis generated by

differentially connecting the dingonal quadrants was
AA=2J2r Ax for Ax<<r

for uniform encrgy density, where
AA = {ncrease in spot area in quadrant 1 minus deerease in spot

arca in quadrant 3
Ax = misalignment along x axis
r = spot radius

Positioning the [natrument axes 45 degre-s from the quadrant detector axes resulted

in no crosstalk between the error signals for small misalignments,

The 1-inch useful photocathode surface allowed acquisition of the ground transmitter

beam over a :12,5-degree field of view,
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3.1.4 ATTITUDE STABILIZATION SYSTEM

To keep the optical receivers continuously pointing at the upcoming beam, it was
necessary to mount them within two controlled orthogonal axes of an c¢levation-under-~
azimuth configuration, These axes were controlled fiom the gréund by way of the up
telemetry link, and their positions were knov-n at all times {rom data (ransmitted on
the down telemetry link and displaycd for the operator on the ground. Once the up-
coming becam was acquired by the quadrant star tracker, it developed azimuth and
-elevation error signals which were amplified and applied to the axial drives in such a

way as Lo maintain the {istrumen. pointing at the beam. The positioning system is
shown in Figure 3-8.

To acquire the beam initially, the operator utilized the eisvation and true bearing data
from the beam pointing equipnent, He {irst commanded the elevation axis to depress
by the same aungle thac the 0.5145~-um laser beam from the ground tracking system was
clevated. Next, he commanded azin ith axis of the payload to look along a true bearing
that was the reciprocal of the bearing from the ground tracking system to the balloon.
When beam {aterception did not occur, the oper-.tor conductcd a search through a small
zone about this nominal position ta effeet intercept.  An auto gate circuit automatically
put the attitude stabilization system into the automatic tracking mode when the beam
was detected, An override command was provided in order to break track on any un-
desired energy sources,

The relationship of the gondola to magnetic north was measured with a flux gate trans-
mitter of the type used in gating ajrcraft directional gyroscopes. For best accuracy
and consistent operation, the device was located as far away from the rest of the equip-
ment as possible. For this rcason, it was placed at an outboard location on one of the
gondola arms. Thus, the flux gate transmitter measurcd the relationship of the
gondola with respect to the earih. The optical receiver system was positioned in azi-
muth with respect to the gondola and the angle between the two was mecasured by a syn-
chro differential transformer which was driven electrically from the flux gate trans-
mitter. The output of the synchro diffcrential was then thie bearing of the optical re-
ceiver system with respoct to magnetic north., This output was converted to a dc
analog voltage which fed n voltage-controlled oscillator (VCO}) in the telemetry system.
A servo repeater shown in Figure 3-8 accomplisbed this function,
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Each axis was driven by a de servo motor and amplifier combination. The amplifier
Inputs were cither the amplified sigrals from the quadrant star tracker in the automatic
tracking mode or a constant velocily (de luvel) input that wus applied when manual con~
trol was being exerted from the ground station, The grou-d controller could also
override «H other controls by actuating the standby mode. This mode was employed

to break track from any undesired cenergy sources. At any time that control was not
being exerted on the axes, they weie held in position by clectro-mecnanical energize-
to-release type brakes. '

When the optical receiver system was pasitioned by cither axis, the remainder of the
equipment ¢includ'ng the balloon) reacted in the opposite dircction, The amount of the
reaction was proportional to the ratio of the mom- nts of inertia of the opt :al receiver
system and the remainder of the equipment. When the cquipment reacted to an eleva-
tion change, the restoring forer of gravity quickly restored the original orleatation.
The restoring forces in azimuth were less dependable -and of lesser magniwde, how-
ever, consisting of wind effcets and friction between the equipment and the surrounding
air, To keep the apparatus relatively stable then, it was important to minimize the
reaction to azimuth motion.  This was accomplished by utilizing the gondola ns a re-
action wheel, As little cquipment as possible and practical was contaiaed within the
positicnable portion of the payload, and the remainder wasg packaged at the extremities
of the gondola. In this manner it was possible to keep the ratio of the azimuthal mo-
ment of inertia of the parts below the azimuth axis lower than one-tenth that of the re-
mainder of the cquipment, a condition thut assured relatively smooth operation, The
arms of the gondola also scrved the purpose of protecting the centrally locaied optical

recciver system (the most expensive part of the equipment) upon landing.

3.1,5 GONDOLA

The gondota (Figure 3-9) was the basic framework for supporting the remalnder of the
systems of the balloon payload. It consisted of an aluminum girder frame wupporting
the azimuth axis and slip ring at {ts center, and the three battery boxes at its extremi-
ties, In acdition to {ts role as a framcework and a contatner for the batterices, the
gondola alse acted as a reaction wheel for the servo system and as a protective cage
for the more dcelicate systems of the payload, Because of its function as a protective
cage, it normally sustained some damage in each flight and was therefore constructed
as simply as possible to facilitate repair, Corregated cardboard crush pads below

3-12
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each battery box absorbed most of the landing impact and were replaced after each
flight. The top of the gondola was cquipped with a roll cage to protect the azimuth
servo in the cvent of a rollover, and with sheet metal covers to act as sun shades as

well as deflectors for ballast dropped from the halloon.

The gondola was baslcally a hexagonzal paralleloptf-:d with a height of approximately

5 feet and width acress the flats of the hexagon of slightly less than 10 feet. It weighed
({nciuding the parts of ihe azimuth and elevation axes) approximately 50 lbs. Bat-
teries were capable of operating the payload for ¢ hours. 7The gondola was suspended
in flight by nine steel cables (three from cach arm) which were fastened to a steel

O-riniz approximately 15 fect above the azimuth axis (see Figure 3-1).

~“hig method of 5. pport elimin~te s the bending loads which would be incurred by a two-
or three-paint support, and prolects the payload from damage by the shock «f the para-

chute opontag.

3.2 THEKMOSONDE

The optical measurements performed have value only for the ad hoc conditions present
during the experiments unless the atinospheric conditions are known well enough to
allow a full uniderstanding of tha turbulence effects and provide a real comparisen with
vertical propuagation theory, This implies that not only the macro-meteorological
variables such as wind speed and temperature as a function of altitude saust be known,
but that mtcro-meteorological variables such as the fluctuations in the temperature
must also be known. The purpose of this section s to discuss the measurement basis,

techniques, and apparatus for the fast temperature fluctuations,

For "claar' wcather, the single parameter that describes the atmosphere's adverse
effects on ght propagation {a the structure perameter of the index of refr .cttonl.

This structure parameter characterizes the index of refraction fluctuatious and enters
fnto the theoreotical description of the atmosphere's effects oa tight propa;;auo:xl;s that
is, variance and covariance of scintillations, aperture averaging, transi.itter aperiure

dependence, beam wander, beam sprevd, and th: phase-tront effects.

Being a property of a gas (air), the index of refraction fluctuations can depend on its
constituents, {ts pressure, and its temperature Experimeatally, it has been shown
that the only depencience on the constitutuents {8 via the densuys. which {8 well known, .
In addition, the pressure fluctuallons are m’xgllgihlo6 relative to those of the tempera-
ture. Therclore, the temperature fluctuations are directly related to those of the indox .
of refraction. ' '
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Formally, the Obukhov-Kolmogorov th':ory7 of Lurbuleqce states that the structure

function of the fndex of refraction behaves as
2 2/3
Dylp 1) = <(N@)) - N(xz))2>= Cy h) 0 "

forp = X =Xy and CN2 the index of refraction structur 2 parnmel‘er. where h I8 the
altitude, and is valid only with lo<<p<<L0. aund tie line joining the measuremeut points
is pérpcnd»l__c:{lm‘ to the wind direction,
In hke manner, the temperature structure tunctiou7 is

Dpte, B) - €2 m) p2/3 @)

and?

R .
CNz(h) 1[77.01 «a ,0.0075 ‘]C.rz(hm 10 -12

. 4
T? A 3

for pressure (P) in millibars, temperature (T) in degrees K., and wavelet tth () in am.
9-13

A mcasurement techalque that suggests itself (and is widely used in ground systems )
is to mount twe fast, sensitive sensors in a bridge configuration at & known distance
apart. DBy suitably squaring and averaging the output, the tumpunture structure func-

tion is obtained. W‘th p known, cquation (2) u. used to obtain (, “ (h) and cquation (3)

is used to obtain (’N (h), using density .lbl(-s and a snmult.meuus measurcment of the .
temperature.

Sensitivity, spoed, and uniformity of the two fast sensors \’.as of prime importa -ze.
High signal levels were required to accurstely measure D’I‘ and the sensors had to
have matched temperature-resistance curves over the entire range of temperstures to
be measured “. With thin~-wire sensors, speed was no problem, and uniformity of
length and cross-section was relatively easy to obtain. Sensitivity was the main ques-

tionable feature of thin-wire sensors.

“The responsivily of a metallic wire sensor can be calculated from the aprlicable re-

sisiance-versus-temperature equation
Rp=R _(1+aT) 4)
where Ro = pl/s(pboing the resistivity, £ the length, and 8 the cross-section) and a is

the temperature-resistance coefficient.
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The value p for plzat xum-rhodiumm is of order 26 x 10-m ohms per em, and a is of
order"2 1.3 X 10—3 per °c. Therefere, for #t 1-mm long, - pdiameter latinum-
rhodium wire, R = 642 and AR = 8.3 x 10-2 chmx per “e. Therefore, demanding a
sensitivity of 5 x 10»l °C means a resistanze dl“;cr(.'n(‘(' ol 41.5 pohms must be dis-
cernible.

Too rauch current cannot be fed through the wire because the self-heating will mask

and distort the turwcience effects the wire {8 supposed Lo measure,

Therefore, with these design restrictions  nd the fact that a temperature difference
was desired and amplificrs that do not extet. ) down to de have much lower noise, the

. . ; 16 .
circuit uscd is ag shown”  in the block diagram, Figure 3-10,

The thermosonde is tie hox shown on the right hand side of Figure 3-13 suspc aded
from the load bar. The rather large buik is due to Jhe levge battery supp!:v requ’ red

to run the system for 8 hours and o keep it warm for that period. The actual circuliry
z.4d {ostrumenintisn waiohed less than 20 lbd. In order to eliminate the effrets of
balloon wake in the CT2 measurement, the thermosonds wag .uspended from a reel
hung from the load bar of the balloon. When the balioon reached an altitude of 330 m
(1000 fl), the reel was released allowing the thermosonde to descend. A hydrautic
drag mechanisry in dhe reel limited the rate of descent to 17 ms-1 (50 ft s-l) giving a
deployment time of approximately 20 see. Tuls deplovinent technique atlowed error-
f:ee measurements to start at an altitude of about 60 m (200 ft). The reel mechanism

and the sonde can be seen in Figure 3-14,

3.3 IFLIGHT VEHICLE

3.3.1 DBALLOON CHARACTERISTICS

The balloon sclected for the BAPE flights was a 2.0 x 106 03 polyethelene balloon.
This selection was based upen a requirement of an altitude of about 90,000 feetl (27,4
km) and the gross weight of the BAPE payload (=750 1bs) jlus the weight of Air Foroee
balioon control and navigation equipment (51000 Ibs)., The totai weight of approximate~
ly 1750 lbs plus the z1titude of 90,000 feet makes the 2 x m“ 113 balloon the proper
choice for this type of flight (see Figure 3-11), lLauncly, navigation, recovery and

all other aspects of the flight vehicle were handled by Detachment 1, Air Force
Cambridge Rescarch Laboraterics — Balloon Research and Development Tegt Branch

Holloman Air Fcree Base, New Mexico, under the command of 1.L Col Robert J.
Reddy.
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3.3.2 LOAD BAR AND RIGGING

The experiment flight configuration is shown in Figure 3-12, The BAPE payload is
supported by nine steel cables which converge at a central point (Figure 3-13). This
point i= aitached by an explosive shackle to the Air Force load bar which supports the
Afr Force navigation and {light control system as well as the thermosonde syetem and
reel. In Figure 3-13 the components supported on the load bar uwre, {rom left to right:
ballast hopper, command receiver and telemetry system, backup navigation transmit-
ter, ba'last hopper, and reel and thermosonde assembly., Flight configuration (reel
not released) s shown fn Figures 3-14 and 3-15°*. The load bar, as shown in these
figures, is supported by a sccond set of steel cables which converge on 2 ring at the
bottom ot the parachute shreuds. The ioad is supported on the shrouds of the open
parachute and attached to the bottom of the balloon. The balloon (s of the zero-
pressure type. meaning that the bottom of the valloon is onen and the helium s trapped

only by its own buoyancy.

Vertical coutrel of the balloon is contrelled by the ballast koppes, showa in Figure
3-13, which drops irun {ilings to ascend, und A poppet valve avout 18 inches in dinme-=
ter {Figure 3-16) which releases helfum (o descend, Hortzontal coutrol of the batloon

is obtained by ascending or descending into wicd layers dlowiag fn the desired diree-

tion,

Upoa termination of the fiignt, the Lalloon 1s destroyed by an explosive device and the
puylead descends on the parachute (Figure 3-17). Upon impact the chute and tcad bar
are disengaged from the payload by the cxplosive shackle so that ground winds do not

drag vae payload,

3.3.3 EXPERIMENY SITE AND FLIGHT PROFILE

The experiment was performed at the SCAT site oa Hollomun Alr Force Base which is
part of the White Sands Mi«sile Range In New Mexico. The position of-the site is shown
fn Figure 3-18. The site was on a level plain with semidesert vegetation approximate-
ly 7 miles northwest of Alamogordo, New Mexico. The plain is a valley floor with an
altitnde of 4000 ft (1,2 km) above sea level, The San Andres mountain range with
peaks of about 8000 fect (2.1 wm) lies approximately 30 miles to the west, and the
Sacrainento range with penks te 11,000 feei (3.3 km) lies 10 miles to the east, During
the early moraing bours, cold air trapped in tho valley during tho night dratns south-
ward,

¥T:.c balloon in Flruve 3-15 i8 a2 60-ft-diameter balloon much smaller than the ballooa
used [or the fligats. It was used for tethered tests.
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The balloon was launched at 06137 (12:15 AM MST) from a point near Upham, New
Mexico (50 miles west of the tracking site) and slowly drifted castward arriving over
the tracking site at about 104117 (4:44 AM MST). Tracking commenced at about 11362
(5:30 AM MST) and was completed at 14152 (8:15 AM MST). The horizontal flight pro-
file is shown In Figures 3-19 and 3-20, Altitude, . cpith angle, and slant range are

shown in Figures 3-21 and & -22 and tabulated in Table 3-1.

Jo4 GROUND TRACKING STATION

The following sections deseril the mobile laser tracking station which was uscd to
track the balloon-bhorne payload, with laser beams. The system conststed of three
buasic units which were transported to the :'te in three traiiers \uec Figure 3-23).
An artists conception of the system s shown in Figure 3-24. The right-hand
trasier as shown {n the cutaway contains the lasers, modulators power supplies and
other equipment necessary to operate the laser beams. The >c~-uput is transmitted
tarough a series of mirrors in the tracking mou.t towards the target, The second
trafler coutains the tape recorders, balloon control system telemetry, and other in-
strumentation necessa. y for the experiment, In actual operation the main optics of
the tel scope were used only for reception purposes, and the laser beams were trans-
mitted from a port to the vight £ the main telescope. The artists conception is in-
correct in this aspect. The system was developed for the BAPE experiment at GSFC.

Code 524,

3.4.1 LASER TRAHSMITTER SYSTEM

The laser transmitter system, which was housed in tne instrumentatio: trailer shown
in Figure 3-23, projected its output through a tube into the tracking mount where a
scries of mirrors directed the radiation to the target. The transmitter system, as
shown in Figure 3-25, consisted of two lasers: an RCA Model J-15268 and a Sylvania

Model 948-1. Table 3-2 lisis the characteristics for each of the lasers.

The lasers, wlich were boilted to = steel table inside the instrumentation van, re-
malned stationary throughout the experiment, The laser beams, cfter being passed
through collimation and alignment optics, were projected coaxially into the tracking
mount, The outpul characteristics for the transmitter are shown in Table 3-3.
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Table 3-1

Balloon Trajectory, Ucober 21, 1470

e

Time (2) [ H Iy R ¢ 9]
0644 32,000 66,000 79,000 292° a4’
1034 HS, 000 127,000 154,000 197 . 55°
1292 8,000 85,060 122,000 26 44°
1234 88,000 A5, 000 111,000 a42° 17?
1204 84,800 85,000 122,000 347° 1¢
1310 68,000 81,000 114,900 a56° 52°
1340 64,500 70,002 93,000 47° 41°
1350 63,500 79,000 101,000 41" 51°
1100 62.600 91,009 119,000 27" 55°
1110 57,090 109,000 12,000 as¢ 62°
1425 £2,000 134,200 144,600 579 s

TR SRR S SRR S —_—
1 - Altftude in thousands of feet
l(" - Hortzontal Range in thou: inds of {eet
R - Slant Ranye in thousands of feet
@ - True azimuth in degrees
6 - Zenoith angle in degreces
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7 Table 3-2
Laser Characteristics
: Value
Characteristic I
RCA Model J-15268 | Sylvania AModel 948-1
' ;1)'|)c ' Argon ion CO2 mclecular
- : Mode Cw CwW
" Wavelength (microns) 0.5145 10.¢
s Maximum output (watts) 4.3 15
CoR Beam divergence milliradians) 2.0 5
N Beom diameter (mxlhmctex&) 4 6
Table 3-3 y
i Troansmitter Characteristics
. Value
- Characteristic
L Argon ! CO2
Wavelength (microns) 0.5145 10.6
: Mode (sine wave modulated) 5 kHz 5 kHz
; Power out (mean watts) 1.0 5
o (peak watts) 2.0 10
T Divergenee (milliradians) 1.0 (1 /c‘ 1.0 (1/:’:2)
Lo Neav-field diameter (mxlhmetels) G (1/ 30 (1/¢2)

The COy and argon laser beams, as shown in Figure 3-25, passed through a

dichroic beam splitter, an attenuatur, a 5-kHz modulator, uand a collimator (5x for ‘“e

CO2 beam, 2x for the argon beam) to dichroic beam combining mirror. The com-
bined beams then passed through a safety shutter to the two mirrors that aligned the
beams (o the tracking mount, The first of thege mirrors was slightly transparent in

e Raren s b it s He o o o

the visible range, which allowed a target alignment scope to view a direction parallel
and coincident to the outgolng laser beams. A beam direction monitor, located between
the alignment mirrors, sllowed alignment of the target alignment scope to the laser

: beams, but was removed when the system was in opecration, The targe. alignment
scope liad a protective filter for the cyepiece which allowed the operator to view the
target during laser operation. During tracking, the operator could view the target in
tke alignmoent scope through the coelostat of the tracking mount to crsure that the laser

TS

N

beams were on target. The operator adjusted the alignment scope crosshairs onto the

‘.

target by means of the last alignment mirror in the transmitter system.,

-

K
-
cﬁ.
v“ )
It

N

Power monitors, mounted in the system, monitored the output power of the lasers and
the modulatior frequency. Because of the difficulty and danger involved in uligning the

Jd-38
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transmitler optical components with CO2 and argon !asers, a helium-neon laser, also

mounted on the transmitter table, was used as an nlignment tool for the optics,

3.4.2 TRACKING MOUNT

The tracking mount, shown in Figure 3-26, received the radiation from the laser
transmitter system and directed the radiation throvgh a coeloétat system to the tavget.
A diagram of the coclostat system 1s showa in Figure 3-27. Radiation from the lasers
traveled horizontally through a pipe from the lascer van to a mirror at the bottom of the
azimuth axis. (The pipe from the van to the tracking mount {5 shown in Figure 3-24.)
This mirror deflected the laser beams to a second mirror at the top of the azimuth
axis, which then def’ >cted the beams 1o a third mirror at the end of the elevation axis.
The third mirror deflected the laser beams to a fourth mirror located siightly to the
right of the main telescope. This mirror directed the laser beams through a small
tube which is, as shown in Figure 3-26, to the right and parallel to the line of sight of

the main telescope. The iaser beams were direcicd through ihis tube witheut bet

. coltimated by the receciver cptics.,

The reeciver optics, a 450-inch (11,4 m) focal length, 30-inch (76 cin) diameter cas-
segrain, were used to collect laser radiatio . reflected from the cube corners mounted

in the balloen payload, and to focus the radiation on a star tracker at the back ot the

telescope (sce Figure 3-26:. The collected radiation was used by the star tracker as

a signal for automatic tracking of the target.

The tracking eccuracy of the star tracker was approximately 5 arc secouds rms;
however, becausc of intermittent loss of autotrack due {o severe scintill:.tion during
the experiment, the target had to bz manually tracked by the observer (shown in Fig-
ure 3-28). Manual tracking was accomplished by obeerving the target through' a guide

telescope and adjusting the main telescope by means of a joy-stick control mounted

on the manua! coatrol pancl. Details for the guide scope and control panel are shown

in Figures 5-26 and 3-28. Tracking accuracy in the manual mode was approximately

30 arc scconds rms.

In the autotrack raode, the star tracker fntermittently lost track and went Into the
search mode because of insufficient integration time In the atas tracker circuitry.
After this experiment, modifications were made to correct this problem with the star
tracker circuitry, and the star tracker tracked perfectly for BAPE I fligits during

September of 1971,
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¢
K _The tracking mount is « converted NIKE-AJAX tracking pedcstal to which the 30 dnch
tetescope und coelostat system have been added.  During operation, the tracking mount
is clevated by the aluminum legs shown in Figure 3-24 so that the elevation axis is
15 feet (5 meters) above giound level, The tracking mount is elevated for the following
reasons:
¥ 3 To give a clear view of the horiwon over traflers ard buildings in the
surrounding arca
f} ° To provide a safety factor by teeping the laser beams well abovo
¥ personnel in the arca
: ° To keep the laser beams above the low level ground turbulence which
does not follow the norr al Kolmogorov spec! - um of turbulence
: 3.4.3 TELEMETRY, PAYLOAL COMMAND, ARD DATA RECOUDING SYSTEM
o Cormmand of the balloon payload and data from the balloon paylond we -2 obtained
. 4‘ through an L- and S-band telemetry system. A console (Figure 3-29) in the instrumen=~
g tation vaua allowed an operator on the ground to control the azimuth  clevation, and .
operational status of the payloud. Two small parabolie telemetry aniennas (Figure
W
1 3-30) transmitted the informatioa to and reccfved informatioa from the payload., In
addition to the command and telemetry ¢ ystem for the paytoad, a standard radiosonde
' transmitler operating between 1660 and 1700 Mz was used to transmit data from the
, : thermosonde to the ground. Telemetry characteristics are Hsted in Cable 3-1.
= Table 3-¢
i E \peximent Pavicad Command and l‘clemctry
‘," = — —
‘ Characteristic Value
1431-!\1"1. command system Conic Corp. Model CTM-UHF-305
Qutput 5 walts
Antenna 4-foot paraoblic, 10-inch primary
’ beamwidth
2241.5~MHz tulemetry Conic Corp. Model CUM-UHF-305
_ Output 5 watts
: Antenna Hemispherical pattern, omnidircctional :
' ; 1660~ ta 1700-Mliz telemctry "1 viz Mg, Model 1081, military Model '
" No. AN/AMT-12A
. Output 400 milliwatts
Bandwidth 500 Hz
Y Modulation 100, audio
3 S
Y.
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: 2 ' Downlink telemetry carrier ass{gnments arc shown in Table 3-5. The outputs of these
" - channels were recorded on an FM tape recorder. 1ata recording assignmenis and
,";,‘f’—' . recording circuits are shown it Table 3-6 and Figure 3-31. respzeatively.
T~ Table 3-5
i . Downlink Telemetry Carrier Assignmerts
S, - . - e
{‘Ch:\nncl I'unction Bandwidth
A T L LA YT T T T T ST Y T T T LT TS T T s LRI SR IR
3B Spare )
: B Spareg
e U 110 Argon movable
et 138 | €O, fixed ) 1-kHz constant bandwidth
K '_ , L m Spare
o 9B Argon fixed
7 ; kY
K - 158 CQO,, movable J
4 Tracker acquisttion fndicater 7
_\ - U DPressure
. - t ¢ Balioon receiver AGC
' 1 Commutated *emperatures
- ' b - A
8 \tirror position Propurtional bandwidth
. 9 Azinauth
10 Elevation
R ' i Spare
12 Azimuth error
e 13 Elevation error J
R ‘
i
. Sl
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Table 2~6
Data Recordirg Chanaels
T.R.hangel Sigaa! | Bandwidth i Record Module -
| £1 Argon A fixed x{ 1 kHz2 ' FM A
Y Argoa B movable ]  kHz ‘ M
23 1 €O, A fixed l 1 kHz ‘I FM
#4 x CO, B movable 1 kHz l M
435 . 36-bit BCD time (1-kliz carrier) i % Direct
#6  Ballooa pack az error "' bc iFM
#7 Balloon pack el error } DC % FM
£8 | Star track az error ! DC : FM (
#9 Star track el error - DC FM
#10 Ground rec argon demod «i 1 kHz FM :
11 Ground rec CO, demod 1 kHz FM '
© 212 Grourd comm data DC Fii [4 1. Track acq ind
$#13 Trans power out (argon) i (> kHz sin) Direct 3 2. Press
#14 Trans power out (COZ) [ DC FM 6 3. Ball rec AGC 1
[ 8 4. Micror position
1 | BAPE commutated temp DC FM | 9 5. Balloon pack.az
£2 F 36-bit BCD (1-kHz carrier) Direct|{ 10 6. Balloon pack.el
#3 Grd thermal sensor sig SkHn FM | M 7. N/A position az
84 Crd thermal sensor sig 1 kH7 FM | M 8. N/A position el
25 Wind velocity 1 kHz FM 9. Calib
#6 Trec argon 5 kHz ¢+ 1 kHz Direct!  10.
#7 Grd rec C02 5 kHz 2 1 kHz Direct
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4. CHRONOLOGY OF EXPERIMENT

This section exg:aing the time sequence of ecvents which occurred during the experi-

ments and gives a chronological description of the everis.

The balloon was launched ot 12:13 AM MST from Upharn, New Mexico, a point nearly
50 miles west of the tracking site. The balloon ascent rate was set at approximate.y
1000 feet per minute. At approximately 12:15 AM MST wher *he balloon had risen to
an ltitude of 1000 feet, the reel supporting the thermesonde was relezsed and about 20
seconds later ihe sonde was fully deployed 1000 feet below the main pavlosd. At 12:30
AM MST the flashing strebe lights of the bolloon were spotted from the tracking station -
and from that time on until termination .* the experiment the tracking station was in
visunl contact with the balloon. The weather was clear with no clouds in sight during
the expertment. High winds in the 40,000 to §0,000 @ ultitude range drov. the balloon
quickly eastward at speeds of up to 90 knots, ard by 1:00 AM M. [ the payloas wus close
enough to command by tclc metry. A check of payload opcration was made and every-
thing was fourd to be in ovder. During ascent, a radiosonde receiver at the: launch -
site was able to rececive data from the thernosonde to an nltitude of about 20,000 feet. .
A second receiver, ‘ocated at the tracking site with a higher gnin antenna was sup-
posed (o pick up the dota collection st this point but due to a maliunction was unable
to operate. A berroswitch on the thermosonde asutomatically shut it off at 45,000“‘1:eet.
Aftor reaching a float altitude of about 92,000 feet, the ballooa was slowly manuevered
lowurds the tracking stotion by slightly changing altitude to nllow the prevaiiing winds
to drive the balloon towards the tracking station. Because of the low velocity of the
winds, the b.lloon was not within tracking range until about 5:30 AM. At 5:37 AM
tracking und data taking was started and continued until 6:10 AM, at which time, data
“taking was stopped in order to make a quick analysis of the data to make sure thot all
systoms were working correctly. At 7:05 AM (racking was resumed and cantinued
until the balloon went out of range at 8:00 AM. Dawn occurred at 7:13 AM, and there-
fore most of the data was taken during the dawn calm, the period of lowest turbulence.
At about 7:00 AM a slow descent of th-- balloon was started as shown in paragraph 3.3.3
und at 8:30 AM the flight was terminated. The payload descended by paractute from oan
altitude of 45,000 fect and lunded near Roswell, New Mexico.
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5. DATA REDUCTION

The following scciions discuse the method of data reduction used in reducing the experi-

ment data from raw formn Lo final results,

5.1 THERMOSONDE DATA

‘Table 5-1 lir. 1 tL « strength of turbulence versus height as obtained from the therma-
sonde, Figuro 5-1 shows the product of strength of turbulerce, and height tu the 5/6

power versus helght. This product controls the strength of scintillation ard therefere
tho figure shows that the balk of the scintillation caused by turbulence below 6 km was

caused by a leycr at approximately 700 moters above the ground.
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Table 5-1
Thermosonde Data
h | h-hg | (-hg)®/C |in-ngy®/3 cp’ lch(m (h=by®/6 Cyp () (h-hg)®/3
| A .
T T T B e e N AN N
uso | 2o | m3 Juzsxietloos 0] aeax10t | zsexa0t
1560 | 360 | 134 1.80x10% 0,19 x 1071 5.6 x 107 | a4 xa07H .
1650 | 450 | 184 fzeeexiot|coaex 107 arzxgott | souxwH
1850 | - 650 2:0 4.84% 10“' 0.64 x 1071 107 | 310 w1070
1950 ' 780 260 6.76x10% ) o.26 x 1071 G7.s x107H 1,76 1071¢
2070 | 1270 | 380 |1.44x20% 0,30 x 10710 L x 107 | 56a 10712
2590 | 1300 | 412 1.esx10% 024 10718 ooosx 1071 | yon x 10712
2900 | 1700 500 2.50x10% L 0.15 x 1073 0,90 x 107 | 4500 107F¢
3100 | 2200 | oo [s.cox108|o.1z x 10788 oorzx 107 | 432 x 2071
3740 | 2310 | enc d.62x10% 00,15 x 10718 nezx 107!t | 6o x107ME
5070 | as10 | 9s0  |o.cox10%{0.210 x 10789 2.0ax 107 2 02 x 107
6145 | 3945 [ 1000 1.00x10% 017 x 10718 170 x207M | 70 x 1071
5455 | 4285 | 1050 razx10%lo10 %3670 fesx 107t ] a2 x 107
5670 | 4470 | 1100 [r.21x108{1.2 x1072) 13.2x107M | 14510700
w875 | 4675 | 1130 [1.2sx16%[a.079x1072¢0  o0.s0x 1071 | 101 x 207!
5950 | 4750 1140 1.30x10% 0,41 x w-m 4,66 x 10 | 5as x 1071
govo | 490 | 11s0  |1.azx1¢® Jo.007x 1079 1asx a0 | naz x207M .




: 5.2 METHOD OF OPTICAL DATA REDUCTION

. . Pata veducticn for the two channels of argon detector data and the two channels of CO,
’ deteetor data yielded the important statistics of probability density function, cumulativ
A density function, variance, autocorrelation, power spectral density, and cross-cor-
e relation. With the exception of power sp-ecral denzity, all statistics were obtaiued by
playing back the tape-recorded unalog data A:.uo a Hewlett ackard Model 3721A cor-
relator. This instrument is o digital signal analyzer which derives the desired statls-
- tics by sampling the (nput data and operating, on the digital result with hardwired sta-
- tistical functions. All statistics we e calenlated ir the summation mode in which N
) regularly spuced samples of datn’nre ased to compute th dcalrcd statiatic und the
7 result is divided by N, The sampling rate was set &t 10 scc l'or the argon detector
" data and 102 SL‘C-I for the CO2 detector data, Tt. se were chosen frot - estimates of
signal bandwidths to be small cnough »o that 1o aliasing erro. 4 were press at. The
value of N was setat 3.2 x 10'1 or 6.4 x lf.f1 which provides, for example, a statistical
nvémgc over 32 or 64 seconds of data wheli a 0, 001-sccond sampling interval is used.,
The resaltant statistic was displayed as an X-Y plot on + CRT display or hard~copled

on 1 standard X-7 {ok recorder. The output display hud a resolution of 100 points

equally spaced across the Lorizontal axis,
Resolution wis 200 levels tor the full vertical axis and was complemenied by inter-

nolation between points on the display.

The first processing of the datia wus done in the autocorrelation mode.  First, the de
level of the ioput analog data was removed and then the autocorrelation wus computed.
Argon detector data analysis employed the ac coupling capability of the corrclator withits
1-H2z cutoff frequency. LO detector data was first passed through an external high-
pnss filter witha 0.1 Luto“ h cquency and then into the de-coupled correlutor. This
was done to preserve more of the typically low frequency (,()2 detector data,

The value of the autocorrelntion function at time lag zero (mean square vilue) woag .
read feom the CRT display and written down ag a function of detector number. Stmul- ’
tancous data segments were analyzed for each pair of detectors. Then the cross-cor-

relation belween like detectors was computed and its value at time lag zero recorded.

‘This value divided by the squure rooc of the product of both {ndividual meun square

S : values from the zutocorrelation anulysis was the desived correlation 2oefficient. Al
A
. : . scale factors between input irradiance at the detector and tape recorder ouput voltage ”

§5-3




a

P

e
UL

.., .
n e f e 8t B

SRS LR g e

-~

s

iy o=

TR - o P G AT T 4 A S B T U et Ry Trm g [ el e,

At e o

>

e

T

Y

SR

TR
P dts NN

X5

o

cancelled out when the coefficient was formed. The correlation coefficient wes com-
puted for several detector separations and the correlation function for each wave-

length was determined.

The mean square vajues obtained above were just the data variances since the dc or
average value was zero in cach case. The variances were in terms of tape recorder
output voltage syuared. It was desirable to normaliz» the variances by the appropriate
dc values squared in order to have a standard summary statistic for the strength of
irradiance fluctuations, The de value for cach data record was obtainea from the

50% levei of the cumulative density function as the data wng once again plaved back
into the correlator (this time, dc coupled). It was alse necessary to compute the de
value of the background (signal from detector in absence of laser {rradiance) pnd sub-
tract this from the data de value before the final ratio was computed. Several cumu-
lative doasity functions were alsu plot: ed on the X~Y recorder and then transferred to

probability paper Lo test for log-normality.

The uutocorreiation function was transierred to the X-Y recorder in the same manner
as above and the 100 function points were fed into a digital computer. The computer
was programmed to perform a Fourier transformation of euch input autocorrelation

function. The result was the desired power spectral density fuaction.

Definitions of the terms used {n reducing the optical data aroe listed below:

N — Sample time ia secounds
P — Separation of sensc.s - em
- -G 2
RI(O) (Sl bl)
R, () — @, -3,)>%
2 2 "2

R,(0) ~ (S1 - Sx’ (52 - 82)

_ Ry, (0)

p12 \/
R,(0) R,(0)

5-4
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5.3 OPTICAL DATA POINTS

ARGON SCINTILLATION DATA
S PR, . .

Star¢ Time N P 1y ) R0} 10 Rate Pya
113700 ) 3z 6 270 . 520 A 1 Ms 9
11825 16 6 575 .375 .465 1 MS . 786
L0 w2 8 645 440 375 1 M8 LT04
o0 32 12 . 810 420 L2401 1 M3 . 516
116420 16 16 375 . 288 . 160 I MS .487
Liaadn 16 16 .350 .262 . 125 1 Ms Al
114624 32 26 - .303 .228 . 058 1 M8 221
1R RLLE] 32 KE] 450 . 326 .00 1 M8 <183
115422 a2 50 480 .337 039 1 MS .097
116513 h RS 50 <420 . 290 .029 1 M8 LORY
§1amu a2 50 . 440 .332 . 051 1 M8 J128
120407 az a4 .09 073 .026 1 M8 307
1204309 16 26 . 100 .68 . 033 I M8 .363
18335@ [ iv <612 . U8s 013 1 M8 400
121215 16 v} <180 . 158 . 061 1 M8 .363
131255 a2 12 . 153 15, .07 1 M8 A7
I3L450 6t ] . 160 . 150 . 103 1 M8 . 6685
131110 2 19 <171 . 156 D i 1 MS T2
R 32 +4 . 153 . 346 . 120 1 MS . 803
132100 64 J A8 . 148 120 1 Ms L6811
132045 a2 z 14 S0 R 1 Ms 921
132708 az 2 S 330 24 I 1 MSs . 949
132010 o 2 116 . 120 .12 1 M8 .019
133212 az 2 211 .163 . 168 1 M8 . 206
133440 az 4 208 . 185 178 1 MS L141
13:540 az 6 .28 . 185 .168 1MS .693
133500 az 5 .320 . idl . 200 1 M8 . 50D
133500 32 6 .296 . 165 . 153 1 MS )
134013 32 7 <360 . 188 . 183 i MS .02
134115 a2 8 .65 .202 . 180 1 M8 .63
134210 ot 10 470 .240 1 1 M8 458
134430 a2 12 .430 .242 .128 1 M8 .39
134455 1) 14 .280 . 200 . 088 1 M5 .372
134615 a2 16 .202 L7 . 058 18 I
134730 32 22 .218 .171 L041 1 MS 212
135120 32 50 263 97 o018 1 M8 .079
135500 ol 6o 306 .213 016 1 M8 063
135720 12 ? 310 210 . 020 1MS .07
1350 I #0 .80 L1987 1 014 1 MS .06t

§-§
o AR




-

vy 0“ -
N

R T TR
s
A e &5

FE
[~ ]

[]
[

A : S .
-3
<
P
o
T
§a <
: 6.5 OPTICAL DATA POINTS (Cont)
¥
CARBON-DIOXIDE SCINTILLATION DATA
; Sstart Timo N r lSlOD- R:(O* "'12"'" Rate fy2
;; 11825 i 8 0200 L0388 0188 3.3 M8 91
i 111005 8 1o L0253 .18 .01 3.33 MS .860
o 1150 » 1 L0311 L0250 L0151 323 M8 (325
ﬁ' 1149 14 18 L0279 L0181 . 0089 1 M8 .a%6
"3 114442 14 18 . 9202 L0100 .0110 1 M8 K i7)
§ 114624 uz 28 0290 Luigl . 0084 A8 . 189
T 114505 az 37 03220 014 L0133 1 M8 61t
4 115332 32 52 0268 L0210 L0160 1S .631
115320 2 62 L0240 0193 L9110 1 M8 . 508
} 115830 a2 52 L0180 R L0079 1 MS A
-4 é 1208190 a2 ar , 0540 . 0080 L2 1ME .0l
A 120930 32 2 L0109 110 G070 1 M8 613
4 130830 33 W L0710 090 Bl 1 MS L 938
; ; 131513 32 it Lpued o158 L1852 1 ua eny
g 121310 a2z 14 .067 L0160 (030 1 MS L9801
g: 133450 64 Y .70 N . 053 1 M8 695
L4 131710 42 8 S22 133 12 1 MR .54
f 132010 a2 G . 086 020 087 1 M8 .oy
3 112310 a2 5 .a18 Ging (05 1 M& oA
3 192555 a2 4 Lol 047 LG5t 3 MS 95%
-1 132710 31 4 076 013 . Ou3 1 Ms 923
. § 132930 o4 1 L1113 0.0 L2 1 M8 Luza
i f 133140 16 5 . 073 092 s 1 M8 L9145
~¥ 133445 32 6 064 0483 046 1us .526
“ 5 133543 52 7 . 082 78 057 1 M8 L895
¢ §33800 az 7 L0832 . 090 037 1 M8 .89
L 123900 a2 ! . 061 042 . 061 1 M8 . 863
,f : 131025 32 8 . 037 004 Ty 1 M 822
: 134115 23 10 .071 .28 080 1 M8 . 439
i 134210 64 12 083 .G81 .03} 1 M8 T
“ 134330 32 i 075 .130 . 069 1M8 . 760
P 134455 64 ta .078 .093 .0%0 TIRLN 813
§ 134615 32 18 .087 075 . 007 1 M3 .629
ik 134730 az 2t . 069 <080 058 1 u il
§ 134845 32 28 .07 .08y a6 $Ms RTT)
‘; 135090 a2 12 . 063 .06} .047 1 Ms 158
ﬁg 135320 az 048 .048 .04l L0168 (Y1 ] .379
E{g §35500 1 .03 .033 .05) .21 1 M8 Bt
5% 135720 12 o7t .08 .04 1 M8 .383
by 135800 a2 155 .102 .075 1 M8 .51
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6, DATA ANALYSIS

6.1 VERTICAL PROTVILE OF TURBULENCE

Most of the estimates of the vertical profite of turbulence have been based upon mea-
surcements of atellar scintitlation and iationomical seeing, Hufnajel and Smnlm"
peoposed one of the firsl and best-known profites and in 1968 Nufmu:vl": revised the
profile (Flgure - -1, Fried 3 proposed a mathemalical meelel of the grofile of atmos=
pherte turbulence and has used 1t extensively 1o his numerous papers on optical propa-
gatioa (Figure 6-2),

Due to the prescnce of a2 sharp temperature gradient at the tropopause, most authors
kave ascamed that the tropopause (8 the major source of atellar scintillation tﬁocls..
Analyals by T:ﬂaraki“ based upon measuren.ents o! aperture averaging by l"ro!hvrneh
and stellar covariance weasurements by Keller lmd Lo wuhatantiate this hypothesis,
Tltwrto*‘-7 and Brookner  have ix-tntec out that Fried's model of the atmosphere over-

estimates the strength of turbulence in the first few Wlowetors of the atinosphere wi,) e

wl nrmwrh nv(nun!in, e turbalence near the troonagse. The ma lar n.inta of pvidencs

Indicating a ne reow band of high turtwlence at or neur the tropopause are the sige of the
corrclation length of stellar scintiilation and the eoreel stion of the po ver specteal
density of scintitiation to wind specd at the tropopatse. Howeser, wide varittions in
thye glse of the atellal scintiilation corrviation distance rom 3 o 10 ¢m) matie the
determmnation ol the altitude of the setntilation  encreating tavers of turlmlencd dif-

fleuft,

The strength of turbulence {8 marmally specified by the relractive vlex-structure

consgtant
a D.\, (p <(N: - 5:!)2:
e e et ————- e} —————n «< -
CN FY I JYREE lo b "(r h

where N and .\' are the refractive indices at two pointe neparated by a distance p,
Here we hmo mmumod the Kelmogorov * stmilarity theory of turlralence to hald tar
scparation (O hetween the tnner (1) and outer scale (L), The refractive index of alr
at optical frequencive may be expressed as a functlon of the propertics of a ;a8 and

the wavelength through the relation

N « 1'0‘ .7 M [l 0. 00,5] @
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whe re P Is prossure In mitlibars, T (s absoiute temperatire in °K, and A is wavelength
inum. Pressure fluctuntions ure 1apidly damped out’%nd, thevefore, refractive Index
changes ave mainly due to microthermal fluctuations,
Defining the temperature- siructure constant as
2
e M AN G W DL 1< L 3
T " p2/3 p2/3 o P N )

wo 500 that it can be easily converted to CN :

2
CN2 = [.ZLQ!: (1+ 0. ,(,) )] C, x 10”12 (4a)
TZ A2
. . sop 12 .2 _ . 12 .
' ‘ b [_—;2—— Cp” x 10 A (4b) .
\
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Equations 3 and 4a provide the most direct method by which to obtain the vertical pro-
fil2 of turbulence. The temperature structure ronstant can be measu:ed with a pair of
low-{ncrtia-resistance thermometers which are part of a Wheatstone bridge. The out~
put voltuge of the bridge, which is proportioaal to the temperature difference between
the thermometers, may be amplified and the mean square obtained with suitable 2lec-
tronic cireulis, Dr(n) combined with Jdata on mean pressure and temperature may then
bo used to compute CN")'. Kreuhmor“, 'l'umrskllz, and Luwrcngemlmvc used this
method to obtain data in the first fov kitometers of the atmosphere employing both afr-

cenfy and tetheved balloons to clevalo thelr ingiruments., Lih(ortunatcly the data ex-

tends only up to 3.5 km,

Ih order to compare the results of the optical measurements with theory. an {nstrument
to mensure the vertical profile of turbulence was constructed and flown as part of the
bulloon payload®. The divvice conststs of a pair of low=-inertia-reaistance thermomet~ro
1 Wheatscae bridge with suitable processing electronies to derive CT2‘ The “levice
vas attached wr a standard MD-317A/AMT=12A radiosonde which was suspended on o
300-m cable below the main payload to avold the turbulence effects caused by the rising
balleoa. The output of the resistor thermometer system was connected to oane of the data
channeis of the radiosonde and data w8 telemetered to the gmund 1n a standard telem-
etry format. Mean pressure and (crgpcmturc were obtained from the standard radio-
sonde sensevs*t. The profile of (‘.N oblatned s shown in Figure 6-3,

Boecnuse of the repid ascent of the batloon (1000 ft/min or 1 m/sec) the radlosonde pro-
vided caly a fow deta potats within the first few hundred meters. Therefore,
’I‘ul.'u'skx's“ method of mean temperatures was used to supplement the thermosonde
data. From Figure 16 of Reference 10 wo huve approximated Tatarskt s data by tho

following cquations:

Stable Stratificaticu {Temperature Inversion - Increase of mean temperatura

with height)

c.laax107? |[R2Pn-13q,
T (5
Unstable Stratification (Decreasn of mean temperature with height)
2 R I
Clasaort/Py-2/3 2 )

*See Section 3,2 **50c Appendix A

G-4
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- Where T, T ~T,
o r
. l0‘"’10 _’11_ ™
L] h2
. K = 0.4
. Therefore
Stable Stratifraction
. 2, -2 ! /3 , ’
Cpi=2.17x10 R 0T, )
" €y’ = 1.47 x 107 'h'm’T, I (P =876 mb, T = 280°K)  (9)
Unsta! ‘e Stratifraction
=2/
o lon3s 2 2 (10)
- -2 R
¢l tarx0l? 33, 2 (P = 876mb, T= 280%K) (1)
The experiment w2s perforn.ed uncsr conditions of stat. e stratifruction with an tn-
s erafon at abous 150 m, as gFown by the vertical dashed line of Figure 6-3, Therefore,
- it a 5 waa used Ly caleglate (‘N‘z up to an altitude of about 80 m. ‘The results of

g wnaly. *4 are shown i Table (-1 and as crosscs in Figure g-3,

T'able 6-1
o oy e _
hoa) | toxh | 07Y3 | 1.0 C.r"(}(m"/ 3, c:N2
1 | 1.00 | o464 | 1.40 1.47x 107 | 1.cox10°1%
| 20 1.30 | 0.368 | 2,92 | 2.34x107% | 1.50 x 1071
, 10 1.60 | 0.208 | 35.92 3.77x 1074 | 2.56 x 20~
' ‘ 60 1.78 | 0.255 | 10.3 s.70x107° | 3,88 x 107M ~L
! - - N
[ 80 1.90 | 0,221 12.7 6.35x 1072 | 4.31x 10”1 :
e e P § I -
. The profile of turbulence kas been approximated by a mathematical model ghown by !
tho dashod line, which vbeys the equation . A
1e 2 2 ,.-1/3. -h/h ,
. _ C\P =P % o a2) ‘_
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REFRACTIVE-INDEX~STRUCTURF CONSTANT AS A
FUNCTION OF KEIGHT ABOVE GROUND LEVEL.
Y00 AN MST 21 OCTCBIR 1970 AT HOLLOMANAFB
NEW MEXICO. BAPE | EXPERIMENT

=, + DATAPOINTS CBTAINED BY TATARSKI'S
METHOD OF MEAN TEMOERATLRES

©® DATA POINTS OBTAINED FROM THERMOSONDES
MEASUREMENT

& T = =~ EXPERIMENTAL DEPENDENCE OF an UPON
. . ALTITUDE .

Do o === MATHEMATICAL MODEL USED TO REPRESENT
oo . ’ EXPERIVENTAL DATA
. . cn2 =Cm2 h"‘ﬂ e—h/ho

S Cao? =4.0X10°14 e -2/3  §_=1000m.

GROUND LEVEL 1.2X10° m. ABOVE MSL
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; 2 ~14 _ -2/3
where CNo =4 x 10 m

h =1000m.
o

The value of C,“,o2 represents the ordinate of the model at h = ha, ulthough It has no

4 .
physical sfgnificance since the refractive-index structure constant Is not reliable so
close to the ground. The scale kefght {s the break point in the moael, which for stable

stratifraction normally oceurs at the f~mperature Inversion, .

Two integrals of CN2 which will be of tmportance in later calculations of the scintillation

statistics 1re

1/¢

@ ,
2 2,2/3 « 2, 2, 2/3 1/3
ICN M) dh = C,. “h T{"/y) = 1,30 Cy " b “% (m™"") (13)
o =5.20 x 10712 n1/3
end bt 5/ 2 3/2 .3 2. 3/2, /6
ICNZ(E\) w0 ay = CNo ho I /2) = 0,89 CNo hc' m'’'") {14)

o e 1,13x107% m

Wind speed and mean temperature as a2 function of altitude are shown In Appendix A,
No thermosonde data ta avatlable above 6 kilometers; therefore, Hufnagel's model for

the trepopause turbulence is used with the integral over the tropopause equal to

Clmdh = 4.31 10713, 18 \
trop
The {{nal model of the atmospheve used for calculation o) optical propagation stitisting
becomes
2 2 ,~1/3 -h/h +
Cy = Cho B e ° + § (h-hp) CNp (L&)
where
Cpoo= 4.0x1071¢ m™2/8 52 sgc0n.
. . Cpp = 4.3x107°% m? ) L13.0x10%m :
P p K
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TR e LT WTTREUETLAT I ST 0T emmnes e meaend

R DR




1,

10,

12,

. . 12,

4.

REFERENCES

Hufosgel, R.E., and Stanley, N.R., Modiuation Trausfer Function Associate with
hnage Transmission Through Turbulcﬁt Media. J. Optical Soc. Am., Vol. 54,
No. § (Jan 1864), pp.52-61,

Hulnagel, R.E., Optical Propagation Study, Technical Report (RADC-TR-65-511,
ASTIX KNo. AD 476244y, Perkin-Eimer Corp. (Jan 19°.5).

Fricd, D.L., and Cloud, J.B, Propagation of an Infinite Plane Wave in a Rawlom
Inhomougeneoud Medium, J. Optical Soc. Am., Vol, 36, No. 12 (Dce 1966),
pp. 1667-16876.

Tatarski V.I., Wave Propagatio. !n a Turbulent Medium, McGraw-Hill, New
York, Chap. 13 (1961).

Proiheroe, W.A,, Preliminary Heport on St~llar Sciatillation, S entific
Report 4 (AF 19 (604) - 41, ASTIA No. AD 56040), Phyrics and Astronomy Dept,,
Ohjo »tate Univ, (Nov 1954).

Keller, G., Helatlon between the Structure of Stellnr Shadow Band Patteras and
Siellar Scintlllation, J. Opticai So¢. Am., Vol. 45 (1955), p. 8245,

Titterton, P.J., J. Ontical Soc. Am., Vol. 60 (1170}, p. 417,
Brookner, E., Applied Optics, Vol, 10 (1971), p. 1960,

Kolmoegorov, A N., Dizsipation of Energy tn Locally Isotropic Turbulence,
Doklady Aknd Nauk S88H, Vol. 22 194)).

Lumley, J. L., and Panofsky, H.A., The Structure of Atmospheric Turbulence,
John Wiley and Sons, New York (1964), pp. 208-210,

Krecomer, 8.1., Investigations of Microfluctuationsy of the Temperature Ficld §n
the Alisuaphere, Doklady Akad, Nauk SSSR, Vol. 84 (1952), p.35.

Krechmser, 8.1., Mcethads for Measuring Microfluctuations of Wind Veio ity and
Temperature {n the Atmosphere, Trudy Goofiz. Ins.. Akad, Nauk SSSR, No. 24
(1954}, p.43.

Krechmer, 8.1., Experimental Determinatioa of tiv: Characteristics of Tempera=
ture Fluctuations in the Atmospoere, Trudy Tsent. Aerolog. Observ,, No. 186
(1956), p. 39,

Tatwarski, V.i., Micro-ichomogenefties of the Tem werature Field and Fluctuation
l’henomena of Waves Propagating In the Almosphvr Dissertation, Akust, Inst,

Atad, Xauk SSSR, Moscow (1957).

Lawresce, R.S., Ochs, G.R, and Clifford, 5.F., J. Optical Soc. Am., Vol. 60,
ppa 826—830. .

1b:d, Reference 4, Chapter 10,




6.2  LOG-AMPLITUDE VARIANCE AND SCINTILLATION

The strength of scintillation I8 often specified by the normalf ced power variance at t'e
recelver;
-
'7~l, “.>
p e
While this {s a simple pararaeter to measure, it i8 not . conventent term to handle
statistically. Uecause the power 8 log-normally distributed (t7at {3 the logarithm of
rower is normally digtributed) as a consequence of the central Himit theorem, it {8 more

co -venlent to make caleulations based on
p
Ing,
o
which has a rot ual distribution, This .arar cter, tometimes referred to as log~
power or log lutonsity, may bo analyzed using the normal distribuion tables, and its

variance 18 simply related ho the iormalized pewer variance
2 2
<(In l’/l‘() > = ln 1+ op ) )

Since moat of the thecretien? analyais of optical propagation s done fa terms of phase
and smplitude, the analyst uses the term log-amplitude

In A

“o

whlch also has a normal distributfon. The vartance of this paramoter {8 casily related

to the leg-power (or log-intensity) variance
2 1 ? 1 2 .

<ln A/A> v <n P/P)'> =3 In (1 N &)

In tke case where ap2<< 1, then
2 2
In (1 ¢ = @ 4
( o, 1, )

and we can make the approximaticn

<>
21
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<iln A/A) > _‘ZJ‘)__ "

+
&
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Log-amplitude variance has been represented by numerous differert symbols by various
nuthors, but wa will use the terminology of Frica” and use CI(O) or o 2. Small letter |
wlll be used to represent log-amplitude, ’

If o laser beam (8 transmitted from an optical system which allows for the adjustment

of the aperture and radius of curviture of the emergent wavefront, the scalar save

function nt the optical aystem output (z = 0) Is +
4] .
2 o
uo (r)!lﬂ ¢ = oxp [-&%—T + fkp /;“J (8)
(4

where k = 2r/), £ {4 the radial component of ¢, and z I8 the axial compan.nt of 1, Let
the beam have a central amplitude of unity and a normal radial distribution with varf-
3

4 . 2
ance o 0’ then [rom Sehnceltrer

i

2 [ 4] l/
Cl(O)n --(kz/t}n) Re ( S ds S dap (0 '"in)
[+
1)

¢

PpUp. -,

-} {\.“ic {{S'/,.‘) ¥ {(Z,5} }

- exp [(c;’.‘)y' (. 8) ]})

a0
2
g2
-~
~.
BN
~
T
[+

R hing been chosen such that a positive I means a divergent laser beam, and the (n-
tegration is siong the propagation poth from s =0 at the gouree to 8=z a1t t' recefver .

From the Kolmogorov theory of tul’bulvm‘u‘l

po:s) =816 7P o111 )
The gamma {unctloa is deflned
¥(r, &)« [2 1t -n)/m] [(s-»tkaz)/(z-tkag)] 9
whero e 00)
(] o,

Combining cquation 7 and equation 8 (o abtaln an expresasion for log-amplitude variance

z @™
Cl(o) - %‘%ﬁ k2 Ru{ S dsCNa (a)g do o'“/“ (cxp {(0/2)Ro[7 (z, a?]} ~oxXp

[or2ry . s)]) } ° ’

az2)

CNRA b e




R, T

1 e

= reo ,_(.__)2 78 B,
Fora =0 vy, 8} == (3) ‘ (13)
A
s LAL; 2, ir., 5/6 , 5/6
c,” - I (-5/6) k RC{S ds €y, (5)1[-1/2 Rey (z, s)] [-1/2 (z.s)] }}
o]

z

o 818 b/ k770 Ro{ 5 ds ¢, % (s) [(z-s)@}.’,s/ﬁ (5,6 } (14)
. , .
For 1970 . 0,259 + 0.985 { I (-6/G: = 6.68
- x ©5/6
C,“(G) e o.;,ek‘/“ g ds (‘Nz(u) [(z-a)(—?} (15)
(4]

The maxtwum velue of {(7-:;) ‘\f-\ J occurs when s = 2/2 indicating turbulence halfway
between soeree and receiver i most Lﬂt\.ti\v fr. causing scinttilaiion, wWhen z >on m
whore 5, f.‘m the dtstanca at which CN (s)—o= O,

8
-
c)”(oyuo.mk’/“ S m CNz(E) %/ qa (16}
T

If the propagation is (n o vertical direction to a recefver at altitude H and zentth angle 6,

the log=-smptitude varfunce becotnes

H
) : 5/6
£.5%0) =0.56 k"% sec 11/% 2 m [(u-h) '] an
i . W
Or for H>> bm where hm 18 the altitude at which
(2 Y
CN.“ (h) —e= C
hm
[ 4
C,%v) = 0.50 k778 4ocll/8g s c“3 ) 1578 an (i8)
[+]
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It should be noted that there I8 a reclprocity between plane wave space o ecarth
propagation and spherical wave earthto space propagation., Hecause of this r~ciprocity,

the scinttilation of a star ts the same as that of 2 ground-hased laser source viewed

from space, and equation 18 {38 the same as ’l‘ulurakl's" cquatfon 8,17, This fact was

used In the GEOS-11 laser detector ' experiment in order to relate upward propagation

to downward: propagntion. This reciprocity s also an {mportant factor tn the analvsis . \

of this experiment,

-For nonpoint sources (ao> 0) the expression for log-amplitude varisace 18 more come
. G

plex. This preblem has been analyzed by Fried® who finds that the spherical-wave, lng= '

amplitude variance may be modificed by a correction factor (Figure ¢-4) which is a

function of the normnlized source size Q.
d=zka 2/h sce B (19)
o G

The sources usad (n the experiment could not be made true polnt sources, Thervlores,
the normalized source stze was made equal for both trensamitters, This required that

the standard deviations of beam profiles have the ratio
o . ]2 2 -
_on |k, Abf = l'm.nxm“ ] 2 L 4.58 (20)

Gy |k Aa 0.6140 v 100

Loul P

where subseript a refers to the argon laser Aw 0,145 & IO_6 m) and Y to the carlone

dioxide lnser (3 = 10,0 x 10°0 m). The laser outputs wore made ¢ mm (argon) and

36 mm (carbon--dioxide) by pasaing them through optical systems which were adjustea

to also Lrovide a divergence of approximately ono milliradian, The optieal transmitter /
system {s deseribed in sectlon 3.4,1,

‘The normalized source sfze for both transmitters for the turbulence profile of the ex=

periment at a zenith angle of 45° was

n -
5.92 x 10" (0, 03}~
1000 x 1.4

Q w ke z/h secO n « (,381 «@n .
oo )

which resulted In &n aposture averaging correction factor of 0,5. The balloon wax flown

at an altitude of 28,0 km whove ground levei, and was at a zenith angle of approximately

459 during the period data was taken. The transmittor was located on a level plain 1,2

km above meun sea Jevel.

6-12
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Using these factors and the turbulence proiile of the previous section we get (altitude of

ths 1ecuiver was 28,0 km above ground level) the
anceg

. , o
c, (© =0.56 k"6 gec 118 g chz

o
o<

e CNo
o
n1,10K7/6 [o.usc 2h'3/2] =
No ©

c1.245 107970

9

/6 sec 11/6

%0.56k"’ % se

=1.24 x 107 8

9

=1.24x 1077 x 5,44 x 10° = 0.

After c.rrection for aperture averag ng

C,(0) = 0.59 (0.224) = 0.112 (argon) (23a) i
C,(0) = 0.50 (0.0274) = 0,00337 (carbon-dioxide) 23b) !
To theso variances we must add th~ scintiliation caused by the tropopause !
5/6 '
a oen 178 . 11/6 - \
Cl(o)lrop = 0,56 k SHC Q Cm*) [(H hp) -}_:‘[‘L] i‘.
3 3 3.5/6 )
7/6 -13 [(28.0 x 10"~ 13.2x107)13.2x10 . ¢
=1.10k"%4.3x 10 [ 28.0.\.10-3]
= 6,62 x 10710 7/6 !
-10 8
= 6,62 x 10 x1.81 x 10" = 0,12C (argon) (24a)
= 6.62 x 10720 x 5 14 x 10% = 0.00360 (carbon-dioxide)  (24b) .
S
The total log-amplitude variance due to the turbuleace near the ground plus the ¢
i
turbulence at the tropopause becomes : 6
i
Cl (0) =06,112 + 0,129 = 0,232 (argon) {258) “!
= 0.00337 + 0,0036 = 0.00697 (carbon-dioxide) (25b) :
L]
h
t
6-14 l

x1.81x10° = 0,224 (argon) (22a)

<ry
- o - o

[ SN
L

e ]

spherical wave log-amplitude vari- §

1 4 576
-;:1)[_}"-11)]—{] dh

2 h-l/s c-h/h0 h5/6 Jh

1.10x'/8 [1. 13 x 10‘9] V

00674 (carbon*dioxice) (22b)

- - -
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) ) A pair of sensors aboard the balloon payload were used to monitor the irradlance caused
by the lasers., Instantaneous irradiance levels were telemetererd to the ground and re-
corded on magnctic tape, Later, the tape was played back In 30~-second intervals into a
Hewlett-ackard correlator from whic sample values of o 2 wére obtained. Normalized
power variances were convertid to log-amplitude varidinces by equation 3, llufnagel7

, has wredicted that the strength of scintillation as measured by log-amplitude variance
should itself be a log-normal parameter. Thercfore, In Cl(O) was plotted versus
cumulative probability on normal graph paper to check the ¢istribution of Cl (0). A
normal distributioc plotted in this manner will appear as a straight line. Results are
shown in Fipures 6-5 and 6-6, The parameters of the disirihutions are listed helow:

0.5145 pm 10,6/ pm
E‘c,(o) -1.8 -5.4
21, € 0 0.6 0.6

The magnitude of Cl(o) should, from equation 15, be proportional to the 7/6 power of the

croegsyen Ve oo
wavenumodr. GCUCioTE

(€0 0. 5145 um = 10,6 x 10°3
{C, (9] 0.5145 x 16-6] = 34,1 (26)
10,6 pum

From the measurcd log-amplitude variances

Median[(C (0] § 5145 ym_ = &0 = 36.9 @7)
Mcdlan[(c.i(ml 10.6 pm
The mean Cl (0) from the data are*
. e -l8+1(6)2  -16.2
C) =c *7 277 ~e T 0,198 (0,514 um) (28a)
‘ 1 2 ~5.22
i R w54 +=(.0)" = ¢ = 0, 5 .0
“ | , Co - e 5.4 4500 =0 0.0054 (10.6 xm) (28b)
— 22
o . *For a log~normal variable g = exp [k + —2—] where u Is the mean of the log-normal

variable and k and A2 are the mean varfance of the correspouding normal variables.
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Experimental values of C] {0) determinea by optical measureraent are compared to

values computed from the turbulence profile in the followir v iable:

. ) Exper{mental Computed ' A Exp/Computed
' w Cy(0) 0.5145 um 0.198 0.232 . 0.834
C (0} 10.6 um 0.00540 0. 00697 ‘ 0.775 .

The central-1imii theorem predicts that the distribution f {rradiance should be log-
normal. This was checked in Figures 6-7 and 6-8 by plotting the cumulative probabilfty
of the logarithm of a normalized signal on a normal distribution scale. The strafght line

behavior of both of these graphs again Indicates a log~norma! distribution.

In order to assure that the experimental values of variance were not causing a scatter

of the resalts due to Insufficient sample lengths, an analysis of the statistical error

wus performed.

Standard statistical technigues provide r. means to estimate the effest of fin{te data
sample length. For a number, N, of independent observations of a normally distribured

rendom varlable, x, {t s known that the sample varfance obeys a chi-square distri-

bution with n degrees of frecdom.

2

ns_ =x§ neN=-1
o“ 2 ;
x S” = gample variance
q:t’ actual variance (29)
2

Xn = chi-square random variable

of cial-square determine the J = a confidence interval for sample variance,

n 325025 n_ 82 .

: : xZas2 L2 (30)

H n; ' X"; 1 ’0/2 ¢
'
¢
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: that s, thc actual variance ai ts known to fall within the above interval with a confi-
) , dence of 100 (1 - a) percent, The key parameter that determines the above interval Is
N, the number of indcpendent samples, ) ’

N=Zch'l‘ ‘ . 31)

where

ch = equivalent white noise bandwidth

T = record length

Boq in turn can ve estimated from

R_ (0)
B = X : (32)

eq P
:Zf Rx (y)dr
¢ 0]

where
R‘ ) - autocorrelation for random variable

Typleal values of H\. gifor argon ard CO, data lead o estimates (or nvq and in turn N
for a given somple recerd length, T. The value of chi-square for a |'):|rtlculnr N and is
obtained from stardard tables. Results are given below for a 90-percert confidence in-

terval for cach signal and a sanple record leagth of 30 seconc s,

Statistical Frror Analysis

- 2. 2- - 2
Data ch (11z) 1 :_ xn.a/z Xl a/?
Argon 150 10,500 0.1 10,740 10, 263
co, ‘ 35 2,100 0.1 2,208 1,995

99% confidence Intervals

Do Argon €.98 52::0‘25 1.62 s%
2..2 2
C()2 0.95 S"Sﬂl $1.058
Therefore the argon variance has error bars of £ 2% and (‘02 has + 5% for 907 confl- ;,
dence ard 30-second record length, ;
3
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6.3 CORRELATION COEFFICIENT

The cevariance of irradiance is defined as
Cim = <<11-Tl) (1,-T,) (1

whuere the angle brackets denote an ensemole average ol all paies of points in the re- _
celving plane separated by a distance p. The variance of irradiance is simply the 4
variance for zero separation )

Cplo) -+ <(r-h2>

In order o obtafn a measure of the independence of the scintiilation at two points in the
receiving nlane, the covarianc - fa usually divided by the varia-~c to outain the
frradtance-correlatics coeflicient

Cy o) <«(1-T) (1,1,

Y = (:-l'ru') )

3
<(I-0">
Fltzmnurlco‘ has shown, that the {rradiance-correlation coeficient may be related o
log-amplitude statistics

Cap {4(“ (p)]-l

¥ O) e e el
onp Ij-((.‘l (O)J -1

whees o G o) - <q ’Tx) (1, -T2)> )

I «oe define the log-amplitude correlation cocfficienat as F (o),

C. @)
then LIS
re) - ¢, )
exp (-lCl(O) Fip] <t
A R TN RS (6) )

For wenk turbulenco,

¥ =« Fip) ] ,
From Fricd?', K
9 2r( l')) rf. / 1
8.16k"C — 8/3 . »
8 N 3 80 8/3 ,.(11/¢ i
¢ = ——5 £ Re {('—z“) / (2 rd1761] }
o 1
5/6 :
6-23 {
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!ﬂé_w"" - !

at . -ve ‘e -

5/6 . kp 2
-% [‘8 (Z-B)/(kl)]d x lpl[-:é; ‘4 (z- a)z] ) dsf. (5

For o propagation path over whica sz = 0 for all s except for a thin layer of turbulence

of (hickness As < < s this may be replaced by

2 9 /s \5/3 \
s 8.16K°C " 1'(-5/6)As —2' 1 figz-51°C
C! (D) = T Re "5/:,!' ‘11N -5 { kz }
v \ 6
o .
5. tkp“s
X lpl -E' 4(z -9} )

o
Furthermore the turbulence need not be constant and therefere C\,”.\ s may be replaced

hy
( 2
P Cyisids (n)
'{58

The log-amplitude correlation cocfficient becomes

58

5/3
2 1 b | { e/c 3. 2.
Rp /513 ra ]-"‘ [_-‘-‘.'—-") B 57G . [——-,.l.ll-:(?‘* ]}
[(?) 12_,;}‘(“.4’)} 2 % 7 J ) "t[i I“! o e

Fipy =
- '2:_[ e ]S/G ke ("
- 3.86 Ro{} ~=5) 53 L, e
Re® %y 2% 1+ (1/6) [m an
which reduces to
2. /0
F@ = 3.8sme {400 [“i%;:.‘a‘;] 12

2
ikps
£ ] is & confluent hypergeometric

I H
The function . l~"x [~ - T

function with an imaginary nrgument.,

. :..r:a,LS‘ i '”.:, s .q'gw

el -




Lot 2 2
2
ko8 - p = p
X = = PR &
T (13)
fiiz-nz . T3
ks
Then the hypergeomotric function may ke evaluated by a Kuav 'ersa function
2 n
a {f (:l),, (i'\) (ﬂ)n “\')
P Fpaibigx) v 1o ——mdde v e L PR
[ ]
(b)z 2. (l))" n - (14)
where (n)n *a(+lt @+2),, ..., (@a4+n=N (o‘.a o 4%
(b)nﬂbﬂwl) L+, .00 (hea-=l) (mo “ ] t1n)
I 2 --B/Bunt b= ) then
. BT BER P .t s o k2, a5 3
1 b [‘ 3 NIRRT B i ala -l B
¢ 3 4 _ L 1e s,
122, sur a6, 6024 R
2 3 . 4
10,8331 ¢ 0.0347X7 « 0, 00450 1X ¢ G.610x (17
- 0.0000772% T ¢ . L,
We may normalize equation 12 by replacing e Uy p / /AL, obtatning
) 4/6
l-‘(-JQ—— - 3.86 Refl - q00 [x]
V) L ) .
» (:9)




Using this equation, we evaluate p /YAL , Re { }.

and F( o ag o function of x in the f2llowing:*
' ViL

0 11«.»,!5"6 JF [—-%;lﬂx]s. F<_£L_)

‘X
AL AL
" 0. 0.259 ' 1.000.
i/4 0.500 0.451 0.486
/2 0.707 0. 663 0.256
1 1.000 1.068 0.020

2 1.414 - 1. 870 -0, 0v4

The log-amplitude correlation cocficient s shown as a function of the ncrmalized
narameter o/ AL in Figure 6-3, The normalizing factor {s known as the correlution

lengtl and corresponds to the separation fcr which x = 1.
\
Using th. relationship of cquation 6 between )’(p /5 \|‘ and ¥ (p //37) s we caa cal-
vy \ Y

¢alate the thooretical denendernce of irradiance~corr-lation coefficie 3

, (pi5m)

1:(‘}‘/;-) 012=0 012-0.20 ) al2=0.4a
o 0 0 0
0.2 0.2 0.13 0.1
04 . 0.4 0,41 0.22
0.6 0.6 0.50 0.39
0.8 0.8 ", 73 0.65
1.0 1.00 1.00 1.00

In order to evaluace the actual correlation coefficleut, we must analyze the turbulence
as though {t {s made up of thin layers of turbulence of varying st-engths and at sarying
distances from the soarce.

Becpuse the thermosonde measurement showed only one layer of turbulence and from

other measurements we know that turb: lence exists at the tropopause, we will use a

- two-layer model of the atmosphere, although the results of the analysis will make ap-
parent how mores compl{cated models can be handled,

*Sce more complele tabie in Appendix B
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e e et 1 b+

. For a single la: er n{ turbulence, 3
(5p®f
8 8.16 k2 T'(=3/5) 2 7 1 gz |3/6
Cp (o) s —— £1 Cy As Ref ——e = o 5 (/6
, Ht/3 r (11/6) ’
X lFl - 5/,‘; 1; __ik_ozs ] (19)
¢ 1(z-9z

(for 8 << z)
Let : Y 53

A s.l\z:‘p&s/a) N (43

/
23/3 p (/e
1 1 5/6 5 3/6 - (
C='71—' g—k—z l)'—*Roll lFlL]s
2

Cﬁ = CN As
Then 4 5/3 5.6

cl‘ (o) = AC | Bs™"" - CDe ‘
Mso 574 (20)

Cl (u) = ‘.’\CIG CDs D=0.,26

/6 . 5/6 . 2, 5/6
=-0.28AC§ C s CN- Cl\:'b ~CN4\88
+

n

For a two layer

8
Cl o) =
i)
. 8 << By
, co Therefore

= +
ACh

- 0.2‘5ACN C

turbulence model,

ac,e  [Bs 577 ¢p,*’ - [B8,% ~ cpys, /0
N s —- 1 ]* AC, 2 2°9 ](31)

8 : 5/3 5/6 . 573 _ 5/6
¢, o) ~ACy [B 5,"/% — 0.2608, ] + AC\, [382 CD, 8, ] (22)
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-

Defining F{p) = Cls(p)/Cls(o), we have for the single layer model

. + 5/6 - . 5. — Bs, /8
F(plyl = ACN [le C)] - CD1 Bs,

—0.26 ACy C ’ 0.26 C

Fo+ the two laver model, '
L . 5/6 . + 5/6 ]
F),, Ao [05,°7¢ = 0.20] + acy, [5s,"~ co, ]

: + L3
- 0.26 AC [Cm + sz]
+ 5/6 5/6 .
1 [“81' - C Dl] T S [ﬂ”z - ¢ ”z] @3

—0.26 C [sth + Créz]

- - - .
hLNl >> (,m
Coy [c D, ~ Bs 5/6] + C [c D, ~ us.f’/s!
F (o) R T - I e a
142 )
+0.26 € C) ‘
[cp, ns,*0] Cor [cn, - 1s,%]
= M A ORET
0.26 C Cx1 2
+
c
= F(p), + N2 F 24
1 Cc.r ®), (24)
N1
+ +
I Cuy~Cne
a1 Cx2
F @), ® . - F), +|—t2—. Flo), (25)
1+2 ol . o 1 .’ a0 2
N1 N2 Nt Cne
6-29
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and for weak scintillation

Co cy
- y N L B e Hz__t, (26)
1+2 + + 1 cl.oscC + 2
L CNI + CN2 N1 N2

From this result, the methad of analysis for multilayer models Is .pparent.

K C ] ,’.+
C,. C
Flo)= ) sl Fio) « 2 —trp)+.....
n=1 Cnr - [ nr

P l"—'——"—— Nk F (q() en
~

where CN‘T {s the integrated value of C;: from 0 to ®

-

From Flgure 6-10, the correlation length for a particular altitude can be obtained.
Usiug this length, Yy and 7, can be calculated and, using the measured values of
Cb;l and C‘\‘TZ from the experiment, a theoret{cal shape for T" (£) may be obtained,
This hao beendone graphically In Flgure 6-11 using the correlation cocffictent curve
of Figure 6-2 and the following paragraphs

! +
Arcon /)\L CO2 CN/CHI
Boundary Layer 700 0.70 3..83 0.40

" Tropopauss 13,200 0.12 0.55 0.60

. The experimental values of correlation coefficient are plotted in Figure 6-12 and re-

* corded fn Table 6-2. Using the results of Figure 6-12 snd converting F (p) to y
through Table 6-2, the theoretical log-ivradiance correlation coofficient for various
values of log-amplitude variance are shown for comparison.

The experimental and theoret{cal fit show excellent agreement indicating that the theory
appears to give an zccuraie prediction of correlation coefficient,
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| ' Table 6-2 &
: . Tnble of Fxpcrimenml Irradiance Correlation Cocfficients e
: _ — e _ AR %
. Argon Data Cnrbon-Dloxlde Data %
Time (GMT) p(CM) ¥y Time (GMl’) p(CM) v H
‘ 1. | 132916 | 2 0.949 | 1. | 133240 5 0.915 3
2. | 132700 2 0.938 | 2. 132010 ¢ 0.989
3. | 132545 2 0.921 | 3. | 133800 7 0.896
4. | 132300 - 3 0.811 | 4. | 131710 8 0.943 .
5. | 132010 4 0.803 | 5. | 130830 14 0.258
6. | 131719 ) 0.772 | 6. 134815 18 0.829 :
7. | 131450 8 0.665 | 7. | 134845 28 0.789 %
8. | 131255 12 0.477 | 8. | 130930 28 0.639 %
9. | 131215 14 0.352 { 9. | 1:5000 32 0.758 -
1e. | 130830 16 0.400 | 10. | 114905 37 0.644 5
1. 1 1247 00 22 0.2:2 ¢+ 11, | 11Fr a0 5% 0. an
12. | 130930 26 0.367 | 12. | 116850 52 0,416
13, | 1206 07 35 6.307 | 13. | 135320 52 0.379 .
14. | 135506 62 0.397
15. | 135720 72 0.563
q
. - r;,{
i
6-34 &




—_
YO PTWART vk 1t aRed e am e
REFERENCES
’ C 1. Fitzmavurice, M.W., Experimental Investigations 6! Optical Propurgation {a At~
. ! ) mospheric Turbulence, NASA TR R-370 (Aug 1971).
i _
13 2, Fried, D.L. J. Optica! Soc. Am., Vol. 57 (1367), p.181.
: ' 3. Abramowitz, M., aod Stegun, ., Handbook of Matt»matical Functionz2, Dover,
P New York (1964), p. 504. :
3
¢
;

e-33

P B RIS R

A R AT T e

%

HE T

AT SR B

SRS

13

SRR

oy S

(2]

AT ARG T G Ry



for ap.~rtures containing many tndependent eclis should bo propurtional te 1//8 where

6.4 APERTURE AVERAGING OF SCINTILLATION

Scintillation {s a p.oblem mainly to lager communicaticns systems working in the
vigible or near infrared, Far-tofrared wavelengths, because of the 7/6 power of wave-
number dependence, are oniy slichtly affected, There «re only two meth xis to avaid
seintillation. The firsy, selection of a aite which has low turbulence, Is partially
¢ffectiso, but since nearly half of the scintiliation {8 due to tropopause whicl i« too
high to be affecte! by terrain changes, only small reductions can be made thmugh gite
sciection, Hulett! notes that astroromers, #t many Aifferent locations a' ound the

o Prmemr ; "
R b

world, observe nearly {dentical levels of acintillation,

e
i

The second methed of reducing scintiliation is through the use of large apertures to
average out the {atensity of the fluctuations, Since the =tensity In the recels ' g plane,
ag has been shown in section 6,3, {8 vot well correlated over separsdons targer *hun a

few tcus of ey, the aperturce . a large receiver will be divided Into many small cella

which scintiliate {ndependenily from adjacent cella, Because of this behavior, the

scintillation as measured by

R
. ‘/ql* - P> "
% " s ()

n {2 the numlwr of independont areas, Also, {f on the average all of these areas are the

STRTTT R )

game slze, the VY i proportional to the diameter of the recelver (D) so that for large

Y

aperttres ap ts preportional to /D,

Figure 6-13 shows the aperiure dependence of the average value of @ as ricasured by
1

i e

Ruf‘tona. Protheroes, and Young', For very small apertures at wawﬁmmhs o the blue

and green portion of the viathle spectram (A« 0,500 + 0,100 gm) the magnftude of o

w

18 approximately 0.5L5, As the aperture is lacreased, cp decreases rapidly until

an aperture of about 25 vm (10 {nchea) s reached, Beyond 235 cm, the rate of decrease

SRR

tn reintillation ta much slower, and approaches the theoretical 1/D dependence for .

large apertures. For DaSé cm (20 Inches)

S

e 0.045 ’
7R N &
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6.5 AUTOCORRELATION OF TRRADIANCE AND POWER SPECTRAL DENSITY*

The autocorrelation of irradiance is defined as

[

Ri(n) = <[t®-T] [1g+7)-T]> = ¢ (7) m

where I(t) is th~ {rradiance at time t, i (t + T) s the irradiance at the s=me parint
at time t + 7, and I is the average {rradiance. This is usually normalized by div iding

by the varifance of irradiance to obtain the irradiance-correlation coefficient

cpm <ftey-1) [tee+n-1)>

Rl 2
C(0) <(1-T1%> @

¥(@) =

where the coefficient ' now a function of time delay T rather than of spatial dis-
placement (p) as in cquation 2 of scctio. 6.3. For a siugie layer of turbulence at dis-

tance s from the source, a displacement p' corvesponds to 2 displacement
DA p! [_?_‘ 1 )
- rl| &
in the detector plane at z from the projection shown in Figure 6-14, If p {s replaced
by the correlation lcnmhv/)\_ﬁ in the detector plane,

et [3]

“he time necessary for a turbulon to traverse this distance is

ro = AL [2] ®

where YL is the wind velocity normal to the propagation path,

Therefore if Taylor's hy,;x.theslrs1 of frozen-in turbulence {2 asgumed, To fs the time
required for a turbulon in the plane of turbulence at s to {raverse the correlation
length (ﬁ-ﬂ) fn the recelver piane, and {s therefore simpiy the correlation time,
Taylor's hypothesis s valid whenever VAL'<< Lo' that is when the correlation length
is less than the outer seale of turbulence. From Fricdz. the outer scale of turbtlence

*Data processed oaly for the argon waveleagth,
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al 700 m altitude (lowest ayer of turbulence) is 40 m which is much larger than the
correlation lergth for that altitude (0,70 m) and therefore the requirements of Taylor's
hypntehsis are met for all the turbulence layers since correlation length decreases

with altitude while outer scale fucreases.

The wind speed corresponding to the tropopause (14.4 km) is 24.7 msm1 and the corre-
lation length corrrsponding to this height s 4,087 meters. Therefore {rom equation 5,

the correlation lime i<

_ 0,087 14.40» 4x10 - ~3
To = 2——4.7 23, _1)‘],) =2,17x10 sec

For the low altitude baryiur layer mrbulcnce. we get the altitude of the turbulence

direeatly from thermosonde measurements and find it to be approximately 700 meters,
with a wind speed of 10,1 ms~1 (19.6 knots). The correlation length for this altitude

fs approximately 0.70 meters, therefore

7 r 9_._103..._.-] 2 K -3
¢ Lastixae™ ] «-%®

—-FQ

In making this computation the velocity of the wind has been used without correction for

{ts azimuth since by fortuitous circumstance the wind vector for both layers of tur-

bulence was prectuely at right angles to the propagation path at the time of the measure-

ment (1313 GMT). Hadthewind been at another azimuth (0) the normal component of
the wind velocity could have been computed by the following reladonship trom Young4
1/2
v . 2 2 ]
Un = *s“e‘—"‘c 6T [u +tan OT sin (OT O\V)
where GT fs the zenith angle of the target and c).]\ Is the azfmuth angle. Since tho
barrfer layer turbulence and tropopause turbulence were of approximately the same

strength, we would expect the correlation time to b approximately
-3
5 = (2:08+2.17)x10

o > =2.13 x 10”2 gec.

MRS O e TN ES n

Y . Sh e L

Py

s

- .
et g T




Shdled bk wadladd

A ik
&

[

A

B R e R g T T TP PURAPRTIEN e e

18N Ty

hicaie

T TR

5
&

R v.":'xz - fﬁ?ﬁ,

3 o
g

)

The actual correlation time from measurement (Figure 6~15) was 2.40 x 10—3' seconds.
The difference between predicted and measured correlation time is therefore

f

T r.T p _ X )
OE-r oF - 2.40 2.13)-3 310 = 11.2%
ok 2,40 x 10

which is well witi.in the accuracy of the wind speed measurement,

The uormalized power spectral density of irradiances calculated from the auto-
correlation of {rradiance “ata by Fourler transform methods is shown in Figure 6-16.
Since the power spectral density of {rradiance {g nropartianal to wavenumbher &k =2)§7—),
by scaling the f:equency axis, the same curve may be used for other wavelengths,

Carbon dioxide scintillation for example would have frequencles

times as great as the argon “vave.ongth, The correlation curve can also b~ used for
carbon dioxide Yy multiplying tho time axis by 1/0.22,
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Tatle 6-3
Log-Irradiance Autocorrelation

R =

0 1.00 2.0 0.17 4.0 ~0,04
0.1 .99 2.1 0.14 4.2 -0.03
0.2 0.98 2.2 0.10 4.4 -0,02
2,3 0.07 4.6 0
. ‘ 0.4 0,94 2.4 04 4.8 0,52
0.5 0.91 2.5 0,02 5.0 0,02
0.6 0.8% 2.8 0 5.2 0.03
0.7 0.33 2,7 ~0.02 5.4 0.03
0.8 0.80 2.8 -0.03 5.8 0.03
0.9 0.7 2,9 -0,05 5.8 0,03
1.0 0.69 3.0 -0, 06 6.0 o.08
1.1 0.65 3.1 -C. 07 6.2 0.0
1.2 0.59 3.2 -0, u7 c.4 0,03
1.3 0.54 3.3 ~0.07 6.0 0.9
1.4 0.48 3.4 -4, 08 6.8 J.02
1.5 0.43 3.5 -0.07 7.0 0.0
1.6 0.38 3.6 -0,07 7.2 0.0
1.7 0.32 3.7 -0.06 7.4 0.01
1.8 0.28 3.8 ~0.05 7.6 0.01
1.9 0.22 3.9 _j 9,05 7.8 0

AN Rt 0 S o

Wavelengthe 0.5145 um

Time 13:12:53 T in millisecoids

P — e e
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7. CONCLUSIONS

In the previous scctions of this repart we have descriluxt the experiment and analyied
ite results, I this section we will aitempt 1o wynopstze what has been loarnad, ~ad

whiut can be concluded from the experiment ronulls,

n section 6,1, Flgure 6-4, the vertical profile of turtulence (0 the first 6 km of the
atmospherc at the time of the experiment t8 presentedd, iogether with a mathematic sl
model uscful for siprovimating the turtulence distritstion. We fid that ine scale
hejght of the atmosphere (3 lower.than predicted by l-‘rledl try a factar of stout thioe o

one,

In section 6,2, the tog-amplitude variance (6 anal. reet, amd it 18 showt -lat the Elreagth
of scintillation can only be accounted tnr by ¢ tong turtuwlence almse 6 k. Om the
hasis of the wind profil., temperature profile and carvelation teagth, the layer ts pre-
dicted to be at the tropopause. The distributton of log-amplitinto vartaaces te shown o
be log-normal with a staadard deviation of 0.4, The wrveleagth deperdence (k? *) of
schatillation ts cealirmed for the two watelengiha uacd {8 the teat, [he (vradiance dla-
teibution is checked aned found Lo be log-normal, The tegg-amplitiele vartance calcu-~
Iated n the bnsis of the protile of turhulence of rection 6.1 (8 comparcd amd found ta

be {n agrecaweat vath the expertmental caluos,

In section 6.3, the log-amplitude correlatton coeftlctent 15 caloulated on the hasts of
the turbulence maoded of section 6.1 and shown to be (n agreethent with the oo tmen-
tally measured values. The correlation length s found ta be peoportions! io J‘\.‘. amt
a methoid of determining the corvelation iength for malttiayer turtulence models (o

derived.

Based upon the results above, the rediction of nctndliation uatag & larga ‘olescojw (s
calcuiated in section 6.4 ant compared to measurcaaonts by stambard astronomicat
techniques. The depemdenco of scintillation frequency on wind specd 18 tostod o sec~
tion 6.5 and compared with the measured dats, Correlstion Ume and power spectral
deostiites aro shown Lo be directly relrwed to wind speoda fo the various turbulent
layers.

The analysis of the dats oblafaed from the experiment teads o coalirm the theorelical

prodictions of sciatillation basod upon the turbuleace profiie. We tieliove that this is
the first experfment fo which the optical effceta of turbutence upon laser beama
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propagating ver a4 vervies! path have been tested in a controlled manner, We have
found my case (6 atich the data contsaiticts the theoretical predictions, amd have ob=
tatnesd reascnably goodd comfirmations of muny of the aspects of the theory, The exper-
tinetit also hee allivmed us o develop a techt sue of measurtag the vertical profile

through & balionn taurchod thermosonde o fce,

Our cvporinent has casentially tested Sohmeltrer's hguation 2,8 far log-amplitude (o~
variames, Hecause e sasumptions made for the log-amplitude covariance crpntions
afe lacgely 1R2 satie an hone {or phase conartance (Fquation 7.9)  he results of the
apestment detat 1o Losud credence lo the thewry fag phase stelisticn aa well as fos am-~
B vse wldtintics. The resder shoubll review SChmeltzer's peper to see the temark able
eenalastty of rquaitons 7,9 axd 7., and die fact that they are both hased upon the

6rnie b ot Jderivatison,

fome of the mare smpartant Fesutte of (ho oxperiment are shown (6 the following table,

Tubie -4
tyanpeis ef Came of the Matnr Kesulta of the BAPE I fxperiment

3 2 3,3 -h:
I, Verttoa! Profile of F e It e p ) Cyn
Turtabi e (Figupe G-4) " RYRRR '
Cod antd  Tm T et m
] (4]
Cooos 4.31l<\-“ m"" h o~ 13,2 zu" e
N $
2, sirenygth of sScint{ilation
, , -7/6
&, Waveleagth dependvace (b, G-14) al\
b, MMsteitation (Fievres 6% apd g=9) log-normal
¢. log=-Amplitmbe Vartance (Moan)
1} 08043 umy {Figure 6-6) 0.17
2) 10,8 pm (Flgure a-7) 0,00%
d. BDistribution of Bample Variances
1) Type (Figurea 69 sl 6-7) Log-normal
2) Kunpdard Doviation (p, 6-14) 0.6

1-2
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Table 7-1
Synopsis of Some of the Major Results of the BAPE | Expcrimcm (Cont)
3. Corrvlntlon n! tntcnsu) : . ‘ }
w, Wavelength Dependence of Carrclation Al /2

Length (Figure 6-13)

L. Correiation Lengihs \
1) 0.5145 pm (Flgure 6-13) 22 o
2) 10,8 gm (Figure 6«1,) 100 cm
- 8) > 1/2
c¢. Helpht Dependenceo of Correlation o -(-J--—'-—-‘ .
lLength (p. G-28)

4, Aperture :\wra;.:lns: of Sctntitlation

8. Wavelengih Dependonce (p, 6-36) A~

h., Aparture Dependence (Lar#o Aperturces) (Il)_‘
(Flgure 6-14)

Q.9
c¢. Standard Deviation of Power (larg.: Lo = --—l-‘
A“vrturva) (p i-l(i) u
5. Correlation Time
~1 -
. Wind Speed Daprendenco (p. 6=-44) o Ya
b. Ristance Dependence (p, G6-44) o 0
172 i

c. Wavelength Depenionce (p, 6-14) XA

b e Lmim i e mmme sma heiaae — o= e > o——— e+ o

Lot us niow mnn!dor how the resalts of the exspertment have akled laser communication
theory, From the results, ve can estimate the thine cependdeace of poaer received at
2 ground recelver from a spacecralt, or the power recelved at a svacecralt {rom &
ground recetver, We can do thia for any wavelength, for any stze receiver, fur any
zenlth angle, and (uning results from BAPE ID {or any time of day. This (aformstion
can be directly applied to the catimation ¢f LIt error rate, We can estimate ¢he length
of severe dropouts, thelr [requency, and the percent of thine that o laser crmmunica=
tions gystem will operate at its destigned bit error rate or signal-to-nolse ratio, Be=
cause of the multiticde of factors affecting the system pertormance, it e very difficalt
to present the results In o single graph, Rather. tho results must boe used to compite
aystem performance for each new system as {8 (£ devoloped, Qur new knowledgo of the

7-3
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L - atrospheric effacts of turbulence should enable us to design laser systems which will
S operate successfully through atmospheric turbulence.
One area which needs further investigation is the fi'equency and depth of sc-vere inten-
sity dropouts. These dropuuts have little effect upon the means and varfances but
severcly effect the bit error rate of pulsed binary laser communications systems.,
- ‘Because of the very high signal-to-noise ratio and dynamlic range required to perform
- this type of me: surement, it was beyond the scope of this experimer:,
i A continuation of the BAPE I flight of 1970 was performed in the fall or 1977. This ex=
[N
periment, BAPE II, has added to the data of this report (particularly in the area of
’ turvulence profiles) and a report on its results is vnder preparation,
. The BAPE system is the only existing equipment capable of measuring the statisiics of
= the optical effects of turbulence upon laser beams propagating from earth to epace,
; Wiilie the BAPE 1 and ii flights have provided & greai deal of intormation, inany inter-
‘ esting and important experiments rematin to be doe. The most important of these are
" the direct measurement of the phase statistics of optical propagation, and the measuro-
i
Ve ment >f the frequency of severe amplitude dropouts. Work in these areas should be the
o next problems of laser propagation to be investigatcd,
1;’"1’.
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*
L
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APPENDIX B
EVALUATION OF LOG-AMPLITUDE CORRELATION COEFFICIENT
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